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Abstract 
Consumers place a high level of importance on flavour when assessing the acceptability of 
food. The flavour of dairy products can be affected by heating both during processing and 
by consumers during food preparation. Of particular importance to the flavour of heated 
dairy products is the highly complex network of Maillard reactions. Previously, emphasis has 
been placed on undesirable flavours generated through the Maillard reaction in dairy 
products and efforts have been made to minimise the formation of these flavours. However, 
beneficial flavours are also formed by the Maillard reaction. Dairy products such as ghee are 
formed by heating and are characterised by their unique flavours; these flavours are 
generated by the Maillard reaction. 
The objective of this thesis was to unravel the factors that influence the Maillard and 
caramelisation reactions that occur during the cooking of ghee. Particular focus was placed 
on the impact that the structure of the cream had on the reaction, and how manipulation of 
these parameters could provide an avenue for the control of the Maillard reaction.  
The development and validation of model reaction systems for the Maillard and 
caramelisation reactions involved the variation of parameters including cooking time, 
temperature, pH, phosphate buffers and salt. A group of eleven compounds including acetic 
acid, furfural, 2-acetylfuran, butyrolactone, 2(5H)-furanone, furfuryl alcohol, maltol, 2-
acetylpyrrole, hydroxymaltol, hydroxymethylfurfural (HMF) and dihydro-4-hydroxy-2(3H)-
furanone (DHHF) were monitored to determine the impact of these parameter changes. 
These results provided a starting point to assess the impact of food structure on these 
reactions. To assess the impact of food structure a series of matrix structures were designed 
starting from an aqueous matrix. The first component that was added to the aqueous matrix 
was fat to generate a two phase structure. Emulsion structures were then formed from the 
two phase structure using emulsifiers and high pressure homogenisation. 
Analysis of the volatile compounds formed as the matrix structures were altered was carried 
out using headspace solid phase microextraction/ gas chromatography mass spectrometry 
(SPME/GCMS). Results indicated that fat is a key structural component in flavour generation 
via the Maillard reaction. This could have implications for low fat foods where the flavour 
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developed during cooking is important. The addition of fat indicated a significant impact on 
the Maillard reaction with a less significant impact seen on the caramelisation reaction. 
The formation of two emulsions with inverted structures provided a means to alter the ratio 
of volatile compounds in the cooked samples. The oil in water emulsion generated a volatile 
compound profile similar to that of the fat containing matrix, whereas the water in oil 
emulsion produced a different ratio of these same compounds.  
The results reported in this thesis shed some light on the relationship between food 
structure and flavour formation during the cooking of milk fat emulsions. These structures 
will create future opportunities to manipulate the structure of food to control flavour 
formation. 
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1. Flavour formation in Ghee  
This thesis investigates the role of emulsion structure on the Maillard and caramelisation reactions 
that occur during the cooking of ghee, with a view to controlling these reactions in order to 
manipulate flavour formation.   
The introduction provides an overview of the Maillard reaction occurring between a reducing sugar 
and an amino group of a protein or amino acid and the caramelisation reaction of the reducing sugar 
alone in dairy products and model systems, along with various factors that can influence these two 
reactions. 
 
1.1 Introduction 
The flavour of dairy products can be particularly important to consumers (1). Milk that is fresh and of 
high quality typically has a characteristically mild flavour, and consequently any deviation in flavour 
will be obvious. Whilst a major source of flavour components is the milk itself, the degradation of 
milk constituents during processing can also have a significant impact on the final flavour profile of 
dairy products.   
The quality of many foods, including dairy products, is affected by the Maillard reaction (2), which 
becomes more significant when those foods are heated (3). This highly complex network of reactions 
can produce an attractive taste, appearance and aroma for the consumer (2, 3) or it can develop 
undesirable colours, off-flavours and potentially harmful reaction products (2, 4-6). Changes to the 
functional properties of milk proteins can also occur (7). In the context of dairy foods, these 
undesirable flavours are of concern in both the production and storage of UHT milks and dried milk 
powders (6): for this reason minimisation of Maillard chemistry in dairy products has been a priority 
in the field.  However, these same flavours are desirable in ghee (8, 9), brown butter, Ryazhenka 
Kefir (10), grilled cheese, condensed milk, toffees, fudges, dulce de leche (11) and milk chocolate 
crumb (12, 13).  Thus, depending on the desired product quality, both minimising and enhancing the 
progress of the Maillard reaction is of interest to dairy food processors.   
Model systems have been employed to understand the chemistry of the Maillard and caramelisation 
reactions and how the environment in which the reaction occurs can influence the reaction 
outcomes. There has been a focus has been on microemulsions that could provide avenues for the 
control of volatile flavours (14-19).  
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1.2 Maillard reaction 
The Maillard reaction is named after Louis Camille Maillard, who first described the reaction that 
occurs between an amino group and a carbonyl moiety (20, 21) in 1912.  The amino group can be 
part of an amino acid, peptide or protein, any of which can react with a variety of carbonyl-
containing compounds, typically sugars (such as glucose, fructose or lactose) or their derivatives, or 
fat breakdown products (22, 23). The Maillard reaction is a thermally-induced reaction occurring 
most often at high temperatures. In most dairy products the most abundant carbonyl compound will 
initially be the reducing sugar lactose (or its hydrolysis products, glucose and galactose) and the 
amino groups could be derived from either casein or whey proteins, which contain amino acid 
residues that have been shown to be reactive to Maillard chemistry (22) , e.g., lysine. Other sources 
of amine groups could include amino phospholipids (24) or free amino acids (25), whilst milk fat 
provides another source of carbonyl compounds (23). 
There are multiple stages to the Maillard reaction (figure 1.1). The initial stage (figure 1.2) is typically 
a condensation reaction between the sugar and an amine to form an unstable glycosylamine (imine). 
This glycosylamine can then undergo rearrangement to form the Amadori compound, an 
aminodeoxyketose.  This Amadori compound can react along multiple parallel pathways to form 
advanced Maillard reaction products, a selection of which are illustrated in figure 1.3 (21, 26). 
Compounds formed by the Maillard reaction in dairy products commonly include furfural, 2-
acetylfuran, furfuryl alcohol, hydroxymethylfurfural (HMF) and maltol (figure 1.4).  For a detailed 
treatment of the many and varied reaction pathways of Maillard chemistry see Ledl and Schleicher 
(20), Nursten (21), and Gerrard (27). 
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Sugar + Amino group
Glycosylamine
Amadori/Heyns rearrangement
Amadori rearrangement product/Heyns rearrangement product
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Hydroxymethylfurfural
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Sugar fragmentation
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Retro-aldolisation
NH3 H2S
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Pyrroles
Thiophenes
Hydroxyacetone
Cyclotene
Dihydroxyacetone
Hydroxyacetyl
Glyoxal
Methylglyoxal
Glycolaldehyde
Glyceraldehyde
Aldehydes + Aminoketones
Pyridines
Pyrazines
Oxazoles
Thiazoles
Pyrroles
Imidazoles
Acetoin
Heterocyclisation
Amino acid
Strecker reaction
 
Figure 1.1  Overall Maillard reaction schematic. Adapted from van Boekel (2006) (3). 
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Figure 1.2  Early Maillard reaction products of lactose (6) (gal, galactose; R, protein chain). 
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Figure 1.3  Influence of pH on the enolisation pathways (6) (gal, galactose; R, protein chain). 
 
O
O
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O
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H
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O
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O
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              HMF
 (Hydroxymethylfurfural)
                           Maltol
(3-Hydroxy-2-methyl-4(H)-pyran-4-one)
Furfural Furfuryl alcohol2-Acetylfuran
Buttery, caramel flavour Malt, caramel, butterscotch, slightly burnt flavour
Burnt, sweet, caramel flavourSweet, almond, caramel flavour Sweet, nutty, balsamic flavour  
Figure 1.4 Common Maillard reaction compounds responsible for flavour in dairy products (1, 
3, 6, 10, 28-31). 
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1.3 Factors influencing the Maillard reaction 
The Maillard reaction system is comprised of multiple reaction pathways, each of which can be 
favoured relative to alternate pathways under different conditions, making optimisation of the 
reaction under a given set of conditions very challenging (32). In a food system, the Maillard reaction 
is dependent on several factors: the type of sugar, the type of amino acid residue, the temperature, 
the pH, the water activity, the presence of any buffers, the oxygen availability and the nature of the 
food matrix (2, 3, 27, 32). These factors need to be considered during both food processing and food 
storage (3).  
The following sections outline the impact of these different factors with reference to dairy systems. 
 
1.3.1 Type and identity of sugar  
One of the reactant factors affecting the Maillard reaction is the type of sugar and the nature of its 
breakdown products. Aldose sugars will react differently from ketose sugars (33).  Aldoses such as 
glucose, mannose, galactose and ribose give rise to the Amadori intermediate, whilst the ketoses 
such as fructose, tagatose, ribulose and piscose give rise to the corresponding Heyns compound (33). 
Each individual sugar will exhibit a different rate of reaction (34) with monosaccharides reacting 
faster than disaccharides. This is in part due to the kinetics of the ring opening equilibrium. From 
each of these intermediate products (Heyns and Amadori) the mechanism moves towards different 
carbonyl compounds (35) and advanced reaction products, the formation of which can significantly 
alter the flavour and aroma profile. The yields, product compositions and rates of these steps are 
largely dependent on the pH (35): slightly acidic, neutral and/or slightly basic conditions will all yield 
different products. Most dairy products will contain significant quantities of lactose, a disaccharide 
of glucose and galactose (6),  but ascorbic acid is also present that can itself react with amines to 
form Maillard compounds (36, 37).  The addition of other sugars to a dairy food product might 
significantly alter the flavour profile. 
Lactose participates not only in the Maillard reaction as a reducing sugar but also undergoes 
degradation by a second pathway. At high temperatures (usually >100 °C) lactose is isomerised to 
lactulose (figure 1.5) that subsequently degrades to galactose, formic acid and a range of C5/C6 
compounds (38, 39). These transformations, in which amino compounds are not involved, form a 
subset of chemical browning reactions referred to as caramelisation reactions (figure 1.6). The rate 
of transformation and the rate of the caramelisation reaction  are dependent on the type of sugar in 
a similar manner to the Maillard reaction (39).  
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Figure 1.5 Isomerisation of lactose to lactulose via the Lobry-de Bruyn van Ekenstein 
transformation (38, 40, 41). 
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Figure 1.6 Initial stages of the caramelisation reaction leading to the formation of 4-
deoxyosone and 3-deoxyoglucosone. The caramelisation reaction of lactose can form a range of 
compounds including HMF and furfuryl alcohol (38) (gal = galactose).  
 
1.3.2 Type and identity of amine 
The involvement of different amino groups in the Maillard reaction will lead to a range of alternate 
flavour profiles as a result of the different compounds that can be formed. To illustrate this table 1.1 
(42) shows the range of flavours possible by changing the amino acid heated with glucose, and a 
selection of compounds that are responsible for these flavour profiles is shown in figure 1.4. Dairy 
proteins contain a range of amino acids, some of which have residues able to participate in the 
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Maillard reaction without breakdown of the protein. Hydrolysis of the protein also results in 
increased amino group availability for the Maillard reaction.  
Table 1.1: Possible flavours arising from heating different amino acids with glucose under various 
conditions (42). 
Amino acid Flavour of product formed on heating with glucose 
Alanine Fruity, flowery, sweet 
Arginine Bitter, sour, fruity 
Aspartic acid Fruity, sweet 
Cysteine Sulfur, meaty 
Glutamic acid Sour 
Glycine Caramel, sweet, flowery 
Histidine Sour 
Isoleucine Burnt, caramel 
Leucine Burnt, caramel 
Lysine Pleasant/sweet, caramel, cardboard, herbal tea 
Methionine Potatoes, prawn crackers 
Threonine Sweet, fruity, astringent 
Serine Fruity, sweet 
Proline Fruity, bitter 
Phenylalanine Flowery, almond, bitter 
Tyrosine Fruity, flowery, tea-like 
Valine Caramel, biscuit, malty, chocolate, bitter 
 
1.3.3 pH and buffers 
The yields, product compositions and rates of many of the Maillard and caramelisation steps are 
influenced by the pH of the reaction system (35). Reaction of the same components under slightly 
acidic, or neutral, or slightly basic conditions will all yield different products. The ring opening of 
reducing sugars is one variable that explains this dependence. The concentration of the open chain 
form of the sugar can play a role in the overall reaction rate as it affects the reactivity of the sugar 
(32).  In cases where the equilibration to the open chain form of the sugar is the rate limiting  step 
(32), the rate of the initial stages of the Maillard reaction will correlate with higher equilibrium 
concentrations of the open chain form of the sugar (figure 1.7). The sugar can also isomerise (41, 43-
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45) and degrade to Maillard-reactive dicarbonyl compounds, such as methylglyoxal (46), carboxylic 
and organic acids (38).  
     lactose
open ring form
       lactose
closed ring form
O
O
O
HO
OH
HO
OH
HO
OH OH
OH
O
O
OH
HO
OH
HO
OH
HO
OH O
OH
H
 
 
Figure 1.7 Ring opening equilibrium of lactose. 
 
The pH of the solution also determines the protonation state of the amine group (figure 1.8), which 
in turn will alter the rate of the initial reaction, that yields the Amadori product (figure 1.2). The 
protonated and non-protonated forms of the amine compound are in a pH dependent equilibrium, 
with a higher portion being protonated at low pH. The pKa of the protonated form of the reacting 
amino compounds will therefore also influence the optimal pH for the early Maillard reaction, since 
only the non-protonated form is reactive. At pH 7, only approximately 1% of amine groups are non-
protonated, which explains one facet of the dependence of reaction rate on the pH of the system 
(32). 
The pH is also important after the formation of the Amadori compound, as it can determine which 
pathway the reaction then predominantly follows: e.g., 1,2-enolisation has been found to 
predominate at low pH, whereas a 2,3-enolisation pathway is preferred at a high pH (figure 1.3) (6). 
These different pathways then give rise to different products, e.g., furanone via 2,3-enolisation and 
furfural and HMF via 1,2-enolisation (6). Various mechanisms have been proposed that lead to a 
range of Maillard reaction compounds from the Amadori compound, as summarised in figure 1.3. 
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H2N
 
 
Figure 1.8 Changes in protonation of lysine with changes in pH (47). 
The presence of buffering agents in the reaction system will alter the rate of the Maillard reaction 
(48). Phosphate buffers have been seen to have a catalytic effect, leading to an increase in reaction 
rate. The interaction of the phosphate buffer increases the rate of reaction through the initial stages 
of the Maillard reaction as shown in figure 1.9. Other buffers, including citrate buffers, do not have 
this same effect (48). The concentration of the buffer is also important (49).  
The influence of phosphates on the Maillard reaction has been studied using phosphorylated glucose 
(50). Phosphorylation of the glucose leads to an increased rate of reaction due to the phosphate 
providing a good leaving group. The presence of the phosphate group also allowed for some degree 
of control over the Maillard reaction as the phosphate group provided additional stabilisation for 
some reaction intermediates and prevented some nucleophilic pathways by blocking and sterically 
hindering the required reaction sites (50).  
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Figure 1.9: Proposed catalytic effect of the phosphate anion on the Maillard reaction of lactose 
and lysine (50).  
 
1.3.4 Temperature 
The reaction temperature is an important parameter, particularly above 100 °C. It is the driver 
behind the initiation of the Maillard reaction that is most often seen in food systems cooked at 
elevated temperatures (6). Not only the overall reaction rate, but the relative rates of different 
reaction pathways are also dependent on temperature (32).  Generally, the amount of volatile 
compounds found in a sample increases with an increase in temperature (51).  Pasteurisation and 
UHT processes are conducted at elevated temperatures, as is the manufacture of products such as 
ghee and dulce de leche. Other cooking requirements such as for pizza cheese and grilled products, 
also results in exposure to elevated temperatures (9, 11, 52-54).  
Consideration should also be given to the difference between the cooking temperature and the 
actual food temperature (55). Due to water evaporation, temperature gradients, and thermal 
conductivity, the temperature of the food can be significantly less than the cooking temperature 
during the early heating stages. For example, this difference between the set temperature and the 
actual temperature means that while an oven may be set to cook at 130 °C for 30 minutes, the 
actual temperature of the food may only be 90-100 °C until the water has evaporated, at which 
point the temperature may rise to the set temperature. This also implies that the temperature 
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throughout a food may not be uniform (55). This means that the extent of the Maillard reactions in a 
cooking process may be less than expected from simple considerations of the cooking temperature. 
When food is cooked in an open system, flavour loss, with vapours coming off the food, is apparent 
from the strong aromas of cooking foods. As the temperature is increased more vapour is likely to be 
driven from the food (especially steam). The net effect on the loss of individual flavour compounds is 
complex. However, it is the volatile compounds remaining in the food that are contributing to the 
flavour of food. In general, the compounds remaining in the food, after cooking, increase with higher 
cooking temperatures regardless of an open or closed system is used.  
 
1.3.5 Lipid degradation compounds 
All dairy products contain lipid components as either part of the matrix (cream, milk, cheese) or as a 
major component (butter, ghee), placing potentially different levels of importance on the flavour 
imparted by the lipid. Carbonyl compounds are formed during the oxidation of lipids and are also 
intermediates of Maillard reaction products (56). The degradation and oxidation of lipids are 
important to the flavour of food (23, 57), as these breakdown products can react with other Maillard 
reactants, leading either to deterioration or to improvement of food quality. Compounds such as 
methyl ketones, aldehydes and free fatty acids (23) are formed when fats are heated. These volatile 
compounds can then go on to react with amino acids and/or Maillard reaction products.  A greater 
degree of browning and volatile compound formation was seen in model systems that contained 
lipid oxidation products when compared with a model system in which there were no lipid oxidation 
products (58), demonstrating that the lipid oxidation products took part in the Maillard reaction. 
Lipid oxidation reactions can also occur prior to the heat treatment and are usually favoured under 
acidic conditions in the presence of oxygen (59).   
Lipid degradation can lead to the production of rancid flavours that can be of particular concern in 
dairy products, especially those with limited shelf life or a high fat content. However, the Maillard 
reaction may reduce this phenomenon by removing rancid compounds via both the reaction itself 
and the ability of some Maillard reaction products to exert an antioxidant effect, which could 
prevent rancid flavour compounds from being produced (23, 60, 61). 
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1.3.6 Water Activity 
The water activity (aw) of a reaction system is an index that describes the availability of water to 
participate in reactions. It is defined by the equation aw = P/Po, where P is the partial pressure of the 
water in the system and Po is the partial pressure of pure water (62).  The Maillard reaction occurs 
optimally when aw values are between 0.5 and 0.8 (63, 64).  
Water activity varies widely between dairy products, ranging from very high values in products such 
as milk (aw>0.95) (65), to very low values in products with low water content such as milk powder 
(aw<0.1-0.4) (66) and ghee. There are multiple possible dehydration processes along with many of 
the Maillard reaction pathways that will each generate additional water molecules.  In a system with 
excess water (dilute solution) a high aw will reduce the rate of the biomolecular steps of the Maillard 
reaction due to reactant dilution. If the water activity (aw) is lowered, reactants may begin to lose 
mobility that is essential for the reaction to occur, thus resulting in a lower rate of reaction (64). The 
low water activity of milk powder slows the Maillard reaction to minimise the formation of 
detrimental flavour compounds during storage (67).  
 
1.3.7 Influence of metals  
The Maillard reaction can also be influenced by the formation of metal complexes between amino 
acids and available metal ions. The reaction can be catalysed by copper (Cu2+) and iron (Fe2+/3+) but 
inhibited by manganese (Mn2+) and zinc (Zn2+). Calcium (Ca2+) has also been shown to delay the 
Maillard reaction by forming complexes with certain sugars (68). Dairy products contain calcium and 
traces of other metals that can complex with the amino acids and so influence the reaction rate. 
Lipid oxidation can also be catalysed by copper and iron (69) to generate reactive dicarbonyl 
compounds. 
 
1.3.8 The impact of emulsion structure 
Cream and butter have emulsion structures consisting of either water or oil droplets dispersed in a 
continuous phase. The emulsion structures are described as water in oil (w/o) or oil in water (o/w) 
emulsions and are characterised by a large particle size, lack of transparency and are kinetically 
stable (70). In contrast, microemulsions have a uniform structure, a low viscosity and are 
thermodynamically stable. Typically, they have a particle size in the order of nanometres (5-100 nm) 
(70).  
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In an aqueous reaction system the reactants are free to interact with each other; whereas in a 
structured fluid they are confined to droplets (emulsions/microemulsions) or channels (a 
bicontinuous phase) (19). When the concentration of reactants was kept constant across aqueous, 
emulsion and cubic (bicontinuous) systems, the rates of product formation were found to be 
different (14-18).  It was proposed that the effective partitioning of the reactants within the 
emulsion structure created a localised concentration gradient that increased the proximity of 
reactants in certain system locations, thereby increasing the frequency of collisions between 
reactants and so the overall reaction rate (19).  The localised concentration gradient arose because 
although the overall amount of each reactant had been kept the same, the phase that it occupied 
had a smaller volume and therefore the reactant concentration was increased within that phase.  
 
1.4 Studying the Maillard reaction with a view to flavour control  
1.4.1 Model studies 
A considerable amount of information about the Maillard reaction has been collected using model 
studies, rather than within the complexity of the reaction systems in food (3, 20).  The food matrix 
itself can have a large effect due to pH, water content/activity and other influencing factors, as 
discussed above. Models attempt to predict the rates of formation of Maillard reaction products as a 
function of these influencing factors and can be empirical (mathematical) or mechanistic (based on 
the knowledge of the chemical reaction and system) (71). The use of a model can allow testing of 
mechanistic predictions and provide insights by simplifying a problem to its basic components (71). 
However, the translation to real food systems can be problematic. When the experiments are 
carried out on real food the results can be conflicting as there are confounding factors influencing 
the results (71). Typical model systems for the Maillard reaction contain an individual amino acid 
and sugar – the simplest starting materials. Such studies/models  can be extended to proteins and 
sugars (26) and further layers of complexity such as emulsion structure can be added to the model 
system in a controlled manner as the complexity begins approaching that present in the actual food 
system.  
There are various parameters to consider when setting up a model system: the sugar, the amino 
compound, the reaction matrix (aqueous, lipids, emulsion) and the reaction conditions (pH, water 
activity, time, and temperature). Various experimental temperatures and times have been used in 
model studies: low (37-80 °C) (14, 51, 64) moderate (100-150 °C) (34, 37, 72-74) and high (>200 °C) 
(73), with times for experiments ranging from minutes to hours (17, 72, 75, 76).   
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1.4.2 Examples of models and their uses 
There are a wide range of model systems that could be applied to dairy products, depending on the 
nature of the study being carried out (33, 61, 77-80).  These studies typically focus on how the 
reaction compounds resulting from the Maillard reaction change when parameters associated with 
the system are changed rather than addressing the impact on flavour of the products (81-84). 
A simple model that has been used to study the Maillard reaction in dairy systems was comprised of 
a monosaccharide (e.g. glucose, galactose, fructose, tagatose) with casein (33) in an aqueous 
phosphate buffer. This system contained the sugar (150 mM) with sodium caseinate (3% w/w) in 
aqueous phosphate buffer (0.1 M, pH 6.8), giving a molar ratio of sugar to lysine residues of 10:1. 
The model reaction system was heated to 120 °C.  The purpose of this model was to demonstrate 
the differences in reaction mechanisms between an aldose sugar (glucose, galactose) and a ketose 
sugar (fructose, tagatose) in the same system, under the same conditions (33).  The sugars were also 
heated in the system in the absence of sodium caseinate to allow the separation of caramelisation 
products and pathways from those that were Maillard products and pathways.  The study 
demonstrated that there was a difference in the results for aldose sugars and ketose sugars. The 
researchers  observed that the ketoses had a faster rate of reaction than the aldoses (33) and that 
these sugars also followed different Maillard reaction pathways that led to different colours, flavours 
and nutritive damage in the final products. This model system and the reaction conditions are similar 
to those involved in heating milk (pH 6.7), with caseins, sugars, and high temperature leading to 
coloured and flavoured products.  Thus there are similarities between the products formed in this 
system and those reportedly formed in heated milk (33, 38). These product similarities include 
furfuryl alcohol, acetic acid, formic acid and various Maillard intermediates (33) identified in the 
model system that were identified in milk alongside HMF and furfural (38).  The addition of lactose 
to the list of sugars studied would provide a better model of the reaction occurring in dairy products 
at high temperatures. The degradation of lactose in milk was studied using a model system 
consisting of lactose and sodium caseinate dissolved in a milk salt solution to establish the 
degradation pathways (38). 
Model systems have been developed to allow the identification of compounds and development of 
methods for tracking heat treatment markers in milk. A homogenised lactose and sodium caseinate 
solution has been used to model milk in an effort to develop an assay to detect HMF formed during 
heat treatment (85).  This study was also used to look at the impact of fat content on formation of 
HMF as a heat marker in milk in the same study. 
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A simple model system of lactose and lysine has also been used to develop a method to identify heat 
treatment markers in milk products (35, 85). The yield, composition and rates of the initial Amadori 
compound formation depended mainly on the system pH. To allow control over the pH,  buffers 
such as sodium bicarbonate (NaHCO3) (76) are often used. The desired pH influences which buffer is 
used; care must be taken to avoid using buffers that contain reactive amine moieties (such as Tris), 
but sodium acetate and sodium phosphate can successfully be used in conjunction with HCl or NaOH 
to adjust the final pH (86). The lactose-lysine model system (35) utilised aqueous solutions of lactose 
and lysine without pH control. The change in pH was used to monitor the progress of the reaction, 
together with relative antioxidative efficiency and optical density as the brown colour developed 
(35).  Relative antioxidative efficiency is a parameter that has been measured in numerous studies 
involving the Maillard reaction (75, 76, 87, 88) and has potential relevance in dairy systems, such as 
chocolate, grilled cheese and ghee, where advanced Maillard chemistry is likely to generate a large 
number of anti-oxidant compounds. These studies were focused on finding the flavour compounds 
that form and discovering markers for the Maillard reaction, rather than the impact of these 
compounds on the flavour of the product. 
Models have also been used to study specific compounds generated by the Maillard reaction and the 
mechanistic pathways by which they are formed, using isotope-labelled starting materials. In a dairy 
system this method could be used to investigate formation pathways of flavour compounds found in 
heated dairy products such as furfural, and flavours associated with off-flavours.  Figure 1.10 
illustrates the formation of furan and the different positions of the label in the final product. Isotope 
positions in the final product are dependent on the mechanism of formation (72).  The formation of 
furan and methylfuran in model systems and food systems has been studied using isotopically 
labelled ascorbic acid (37) and 13C labelled sugars (72). These models were used both under dry 
roasting conditions and aqueous conditions, and food systems were monitored by spiking pumpkin 
puree with the labelled compounds and then heating under the same conditions as were used in the 
model system (72). This allowed the influence of a food matrix on the formation mechanisms to be 
assessed and clearly demonstrated the relative importance of the pathways highlighted below and 
that the furan formation from sugars and amino acids represented only a minor route. Other routes 
involve recombination of fragments originating from sugar and protein fragments (72).  
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Figure 1.10: Summary schematic of potential mechanistic routes to furan from glucose (72). 
 
The use of labelled sugars has also been applied to the study of specific pathways such as enolisation 
(89) by analysing where the labelled fragments are located at the end of the reaction.  The formation 
of acetic acid during the Maillard reaction under various conditions has been studied in this way (89) 
as it is a common product formed by the reaction of hexose sugars in alkaline conditions. The 
amount of acetic acid formation was studied to establish the effect of pH, temperature and reaction 
time for a glucose-glycine phosphate buffered system (89). It appears that such studies have not yet 
been applied in dairy systems (or model systems based on dairy products), but these would provide 
valuable information about the mechanisms of formation of flavour in dairy food. 
There are various dairy products that contain an emulsion structure; cream is an oil in water 
emulsion, inversely butter is a water in oil emulsion, and processed cheeses can be formed using 
emulsions (90). Different emulsion or microemulsion structures for a reaction system can also be 
modelled. These studies have been used to demonstrate the different outcomes of the reaction that 
could be achieved by changing the structure of dairy foods. Structured fluids were investigated (19) 
as microreactors for Maillard reaction chemistry.  Reactions were carried out in three different 
systems: an aqueous phase consisting of  100% water; a traditional water-in-oil microemulsion with 
discrete and continuous phases; and a unique cubic phased system, that had an interesting structure 
consisting of an interpenetrating network of channels of the two phases, each of which is continuous 
(19).  When the reaction was carried out in the cubic phase, a wider product profile was produced 
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along with an increase in observed product yields. The transition between microemulsion structures 
is continuous, allowing bicontinous microemulsion structures to form (18). These structures can be 
transitioned between with adjustment of the water content of the system. Since the rate of reaction 
was altered with changes to the structure, it could therefore be altered by adjusting the amount of 
water in the system. The same cannot be said for emulsions whose structures are discrete from one 
another; to transition from o/w to w/o there must be a phase inversion that is transitional rather 
than catastrophic (91).  
With the exception of using novel double emulsions to form processed cheeses (90) there has been 
little research published on the possibilities of altering the structures of dairy products such as milk, 
cream and butter or the impact that such structures have on final flavour properties of the products. 
 
1.4.3 Analysis of flavours 
The analysis of the products formed is an important aspect of the model studies and studies 
involving real food systems. A range of techniques are available to study the end products of the 
reactions depending on the questions being asked: chemical analysis (92-96) is used to identify the 
reaction compounds that form during the course of the reaction, physical analysis has been used to 
study the texture, rheology (97) and colour, while sensory analysis (42, 98-100) is used to determine 
the flavour and texture along with the acceptability of these parameters by the consumer. Most 
studies focus on one form of analysis, either identifying what the reaction products are, or how the 
colour changed over the course of the reaction, or whether the consumer finds the product 
acceptable. To gain a full understanding of dairy product flavour more than one set of analysis is 
required.  
 
1.5 Flavours in dairy products 
In addition to the mild dairy flavours derived from the milk itself, specific dairy products will have 
characteristic flavours derived from their method of manufacture; the method may influence either 
the pathways of the Maillard reaction, or the subsequent perception of any Maillard reaction 
products. The heating processes used in dairy food processing are generally for pasteurisation or 
water removal. This application of heat initiates the Maillard reaction, which generates additional 
flavour compounds, resulting either in flavours being produced or in the generation of flavour 
precursor compounds that go on to react during subsequent cooking. In either scenario, these 
compounds may be off-flavours or beneficial to product quality. 
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1.5.1 Fluid milks 
In milk, there are over 200 volatile components that contribute to the overall flavour (43). Several of 
these components are present in very small amounts (<400 µg/kg) but still impact the overall flavour 
profile. Maillard reaction products have been identified in heat damaged milk (101, 102) as a result 
of pasteurisation. The presence of these products even at small levels can alter the flavour of the 
milk producing an off-flavour. There have been many analytical studies focusing on identifying the 
flavour compounds of milk (28, 103).  
UHT milk is heat treated at ultra-high temperatures (54). This brief but intense heating occurs in a 
temperature range of 135-140 °C. The heating can be either direct (steam injection or milk infusion 
into steam) or indirect (heating and cooling using heat exchangers).  This heat treatment destroys 
pathogens, but can also cause chemical changes in the milk leading to off-flavours.  Ideally, UHT milk 
would have the same flavour as fresh milk: namely only a minimal aroma, with a slightly sweet but 
relatively bland flavour.  This flavour profile can be greatly influenced by the presence of volatile 
compounds, in particular sulfur containing compounds. While adding desirable flavour to cheeses 
and butter, these sulfur compounds, including hydrogen sulphide, dimethyl sulphide and 
methanethiol, which can all be derived from Maillard chemistry, are often responsible for the off-
flavours in UHT milk (53).   
 
1.5.2 Milk powders 
Whilst most Maillard reactions are initiated by heat, it has also been demonstrated that Maillard 
chemistry is an important factor in the development of off-flavours and browning in milk powders 
during storage (28, 64, 103). These reactions also result in nutritive damage to the product (104) and 
therefore the conditions of storage are important to minimise these deleterious effects.  Any off-
flavours, such as nitrogen containing indole compounds, are very noticeable and objectionable in the 
final product (28, 103).  
Likewise, the temperature of milk powder storage can influence the Maillard reaction; samples 
stored at a higher temperature (50 °C) exhibit accelerated Maillard reaction product formation 
(104). Increased humidity has also been observed to accelerate the Maillard reaction during storage, 
if the aw was increased into the range appropriate for this chemistry to become significant (30). The 
formation of compounds such as HMF (figure 1.4) and furosine along with browning of the powders 
are indicators of the Maillard reaction during storage (105, 106).  HMF is commonly used as a 
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Maillard indicator in dairy products, but is not suitable for all food types. The monitoring of HMF is 
often done using colorimetric techniques (105, 106) or fluorescence (104). An enzyme linked 
immunoabsorbant assay is currently being developed to monitor HMF in a wide range of 
carbohydrate containing foods (107). 
The furan derivatives furfural and furfuryl alcohol (figure 1.4) are Maillard reaction products 
produced by sugar degradation and dehydration.  These compounds were identified in skim milk 
powder, but their levels were below the perception threshold. However, they have a sweet, nutty, 
caramel odour that could be important for condensed milk (28).  The Maillard reaction also leads to 
the development of colour in  sweetened condensed milk  (106, 108). 
 
1.5.3 Cheese 
The flavour of cheese is derived from the activities and interactions of starter bacteria, rennet, milk 
enzymes and also from any secondary flora present (109).  The flavour compounds of impact (64) 
include methyl ketones formed via fat oxidation that is initiated by bacteria, fatty acids formed from 
the lipolysis of the milk fat, sulfur compounds generated by bacteria, α-dicarbonyl and related 
compounds that can also react with amino acids to generate Strecker aldehydes (a known Maillard 
reaction pathway (21)) and amine compounds (64), e.g., the amino termini of peptides generated by 
enzymatic hydrolysis, which may also participate in Maillard chemistry. 
The use of cheese on pizza and in prepared foods requires a cheese with desirable attributes, 
including colour, after cooking (110).  The browning of cheese during baking can be attributed to the 
Maillard reaction. When tested by sensory panellists, the cooked brown colour and flavour of the 
cooked cheese were not seen as undesirable, although a less coloured cooked cheese was favoured 
by pizza manufacturers surveyed (111).  
The manufacture of processed cheese involves heating the cheese products with other materials 
(112) to yield a homogeneous product.  The temperature of the processing steps can cause colour 
defects (browning) that have been linked to the Maillard reaction. Aroma defects are also generated 
giving rise to an ‘overcooked’ aroma. These defects depend on the heating time and temperature 
and the product composition (112). There were several compounds identified in a model cheese 
system that are known Maillard reaction products: furfuryl alcohol, furfural, furaneol and maltol  
(112). This model system demonstrated that these compounds played a major role in the 
‘overcooked’ defect (112). 
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1.5.4 Flavours in cooked dairy products 
The heating of dairy products is not limited to manufacturing, as it is also a common household 
process (113).  Flavour is an important attribute of food, both prior to and after heating. Many dairy 
products are cooked, such as cheeses, cream and butter. There are also products that are made by 
cooking other dairy ingredients, including ghee, milk chocolate crumb, Ryazhenka kefir (10) and 
browned butter.  The effects of the Maillard reaction are often seen when these products are 
cooked, providing a desired change to the product, including grilled cheese such as on pizza, 
browned butter often used in making roux or baking, milk chocolate crumb or block milk (12, 13). 
Halloumi is a cheese that is eaten after frying or grilling, developing a browned outer layer. Although 
little sensory analysis has been carried out on this cheese, it is known that the volatile flavour 
compounds differ between the raw and cooked cheese (98). Moreover, given that this cheese is 
most commonly consumed in cooked form, the change in flavour can be assumed to be desirable.  
Another cheese commonly cooked for consumption is mozzarella; there were no undesirable 
flavours noted when mozzarella was cooked (111). 
Cream, milk and butter are also commonly used in baked goods such as scones, shortbreads and 
other sweet items, where they are subjected to high temperatures, in the presence of sugar, for 
cooking; many Maillard reaction products are thus generated that are associated with the 
favourable aroma of these products. A further use of the Maillard reaction in cooking is during the 
making of ghee. Ghee is an example of a product in which the flavour compounds generated via the 
Maillard reaction are desirable. The flavour in ghee is generated from multiple sources:  compounds 
found naturally in the starting material, Maillard browning reaction compounds, free fatty acids, 
lipid oxidation and fermentation (9). Dulce de leche is another product that requires the Maillard 
reaction to generate the characteristic colour and flavour. The consumer acceptability relies on the 
flavour and colour (99). 
 
1.5.5 Low fat dairy products 
The current consumer driven market is searching for low fat food alternatives, including dairy 
products, without compromising on food flavour; however, low fat versions of products such as 
cheeses, milk, ice cream and yoghurts often lack flavour. Fat can be replaced with protein, 
carbohydrates, other fat based products, or a combination of all three (100, 114). Low fat cheese can 
lose up to 50% of its flavour with a reduction in fat (81), which, coupled with associated changes in 
texture and other sensory attributes (81, 100), can lead to an inferior product. For example, low fat 
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chocolate ice-cream made with 2.5% milk fat plus low fat cocoa powder instead of cocoa butter had 
a less intense flavour (100). 
Ghee is a fat product with potential for use in flavour replacement. The highly flavoured nature of 
ghee relative to products such as butter oil or anhydrous milk fat (AMF) makes it an alternative that 
would add flavour, even at low fat content. 
 
1.5.6 Ghee 
Ghee is a product that is made by indigenous methods (9) in many countries around the world, 
largely in Asia, the Middle East and Africa. It is known by various other names such as maslee in the 
Middle East where ghee is derived from goat, sheep or camel milk (9, 29, 115) and roghan in Iran. 
Ghee is used in cooking, as a condiment and for religious purposes (116). The cooking methods vary 
along with the unique individual flavours (9).   
By definition, ghee is ‘a product exclusively obtained from milk, cream or butter by means of 
processes which result in almost total removal of water and non-fat solids, with an especially 
developed flavour and physical structure’ (117);  the flavour is ‘acceptable for market requirements 
after heating a sample to 40-45 °C’ (117). A good ghee has been defined (117) as having a pleasant, 
nutty, lightly cooked or caramelised flavour. It was said that the flavour can best be described as a 
lack of oiliness or blandness, sweetly rather than sharply acidic (8), but it is objectionable to have 
any suggestion of rancidity. The flavour of ghee cannot be attributed to a single compound, but 
rather to a large range of compounds (8).  This group of compounds includes aldehydes, ketones, 
fatty acids, carboxylic acids, lactones and alcohols (29, 116). These flavours are generated during the 
heating process by reactions between protein and lactose, protein and lactose degradation 
products, lipid oxidation and degradation of free fatty acids (9).  
There are several methods of making indigenous ghee; all have a common element of heating to 
high temperature (110-140 °C).The different methods of making ghee all start from fermented milk, 
cream (often soured to 0.5-1% acidity), butter or a combination of butter and buttermilk (9, 118). 
After the heat clarification, the remaining product is filtered to remove any remaining solids (section 
3.2).  
The presence of maltol and furans has been linked to significant differences in flavours (116). These 
products, along with other pyrans, various ketones and aldehydes are known Maillard reaction 
products (21, 116). Maltol and various furans are products of sugar degradation, and the initial 
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reducing sugar concentration can greatly influence the amount of each compound formed (116). 
Important flavour compounds are considered to be aldehydes, ketones and lactones (9, 119).  
There are commercial products that fit the definition of ghee based solely on physical characteristics. 
These products include AMF (anhydrous milk fat), butter ghee and butter oil (120). Whilst they are 
similar with respect to some of their characteristics, these products do not display the same flavour 
profile as traditional indigenous ghee; butter oil and AMF are particularly lacking in flavour. The  
production of synthetic ghee flavours (8, 118) has been attempted in the past using a formulation of 
synthetic flavouring compounds to create a ghee flavour in butter oil. The synthetic flavourings used 
were based on analytical data for ghee flavour constituents (8). Efforts made to reconstitute the 
flavours focussed on a mixture of lactones, free fatty acids and carbonyl compounds (8); however, as 
not all of the ghee constituents had been identified, and their exact proportions were not known, it 
was difficult to formulate a synthetic ghee flavour in the butteroil (8).  
There are several papers (9, 29, 115, 116, 121) that outline the flavour constituents that have been 
identified in ghee.  The compounds identified are generally grouped into aldehydes, ketone 
(including methyl ketones), esters, acids, alcohols and lactones with any compounds not fitting these 
groups identified as ‘other’.  Within these groups there are several compounds that can be 
attributed to formation via the Maillard reaction. These compounds (figure 1.11) include HMF, acetic 
acid, maltol (larixinic acid), furfuryl alcohol, furfural, hydroxymaltol (8, 9, 29, 116).  A better 
understanding of high temperature Maillard chemistry may therefore inform the development of 
this type of product and allow the manipulation of flavour.  
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Figure 1.11 Maillard reaction compounds identified in ghee (8, 9, 29, 116). 
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1.6 Mechanistic pathways 
The use of model studies to investigate the pathways of the Maillard and caramelisation reactions 
has led to the elucidation of mechanisms of formation of a variety of compounds, some of which are 
found in the dairy products above (such as those depicted in figures 1.4 and 1.11). 
The formation of the Amadori compound and its degradation along the 1,2-enolisation and 2,3-
enolisation pathways have been studied in detail (figures 1.2 and 1.3) (1, 20, 21, 27) up to the 
formation of the keto and enol derivatives. However, the elucidation of mechanisms for compound 
formation after this point has been limited to studies focusing on a single or related group of 
compounds.  The published mechanisms are not always complete, with some containing missing 
steps where only the intermediates detected through analysis are presented in the mechanisms. 
There have been a wide range of compounds studied, of which only some are found in dairy 
products. 
Important flavour compounds for dairy products, particularly those with caramel flavours, are maltol 
and hydroxymaltol (figures 1.12 and 1.13). These two compounds can be formed from the 2,3-
enolisation pathway of the Maillard reaction cascade and, in turn, have been shown to degrade 
further under certain conditions (10, 57, 122-126). 
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Figure 1.12 Formation of hydroxymaltol and maltol from the 1-deoxyosone intermediate formed 
along the 2,3-enolisation pathway (57, 126). 
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Figure 1.13 Degradation of hydroxymaltol (1) to maltol (2) as described by Bates and Kim (122). 
Along the 2,3-enolisation pathway acetic acid is also formed with several hypothesised mechanisms 
(89, 127), from the 1-deoxy-2,3-hexodiulose structure. The mechanisms were determined for 
reactions using glucose as the sugar rather than lactose. The C4 fragment formed (figure 1.14) can 
then react further to generate C4 furanone compounds (21). 
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Figure 1.14 Formation of acetic acid and C4 reactive fragment (89, 127). 
The deoxy-2,3-hexodiulose compound also provides a pathway to 2-acetylfuran (31) via the 1,4-
dideoxyosone compound as shown in figure 1.15. The 2-acetylfuran was formed from glucose and 
glycine but could also be formed from glucose via a similar pathway from the 1,4-dideoxyosone 
compound.  
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Figure 1.15 Formation of 2-acetylfuran via 2,3-enolisation pathway (31). 
The Amadori compound can also degrade via a 1,2-enolisation mechanism (figure 1.3) to form 
furfural, furfuryl alcohol and HMF (21, 57). The 3-deoxyhexosone (figure 1.16) is formed via the 1,2-
enolisation pathway en route to the formation of HMF.  
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Figure 1.16 Formation of HMF (57). 
The formation of furfuryl alcohol (figure 1.17) can take place through a deoxy-pentose compound 
(38, 128) that forms via a retro-Claisen mechanism from the 1-amino-1,4-dideoxyhexosulose 
compound to a pentose intermediate compound. The pentose intermediate is formed along the 1,2-
enolisation pathway from the Amadori compound. 
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Figure 1.17 Furfuryl alcohol formation via 2-deoxypentose compound formed by a retro-Claisen 
reaction of an aminoreductone (128, 129). 
Each of the reaction pathways have been studied using various sugar and amino acid combinations. 
These mechanisms can be used in to form a hypothetical map of pathways that explains the 
formation of volatile compounds in dairy products via the Maillard and caramelisation reactions and 
may help guide experiments to manipulate their relative concentrations.  Some postulated 
mechanisms are described in Appendix A. 
 
1.7 Conclusion 
In the majority of dairy products the Maillard reaction is often an undesirable source of flavours, 
which has led to a focus by the dairy industry on reducing the extent of the reaction. However, in 
cooked cream products, such as ghee and dulce de leche, Maillard reactions are desirable and 
indeed essential.  
Some dairy foods actually have very little in common with the model systems that have been used to 
study the Maillard reaction. Although the use of models to study the influence of microemulsion 
structures on the Maillard reaction has demonstrated that different microemulsion structures can 
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lead to different reaction product profiles, many food systems are emulsions (cream and butter) 
rather than microemulsions, leaving a significant gap between models and food, which needs to be 
bridged. 
Many of the flavour studies have been conducted with the purpose of identifying marker 
compounds found in the products. There has been a lack of studies that systematically identify the 
flavour compounds in dairy products and link the formation of these compounds to the food system 
variables such as emulsion structure. Information from such studies could be used to control 
compound formation and so control the flavour profile. 
Numerous flavour compounds have been found in ghee, but little work has been done to determine 
the origin of these compounds, the mechanisms by which they form, and the influence of the 
emulsion structure on the final product ratios. More work is required to understand the mechanisms 
of flavour formation in cooked cream products, in particular, so that the flavour can be manipulated 
to enhance it and make the final product more desirable. 
 
1.8 Thesis aims/Chapter outlines 
The aim of this thesis was to determine the influence of emulsion structure in ghee, on the 
formation of flavour compounds through the Maillard and related reactions. To achieve the aim the 
following objectives needed to be completed: 
1. To develop a SPME/GCMS method for screening of Maillard reaction compounds formed in 
ghee and model reaction systems. 
2. To develop a high throughput method for cooking ghee. 
3. To develop a model reaction system and a model matrix system to study the influence of 
emulsion structure on the Maillard reaction. 
4. To determine the influence of different emulsion structures on the Maillard reaction. 
Chapter two discusses the development of the SPME/GCMS analysis method. 
Chapter three introduces ghee, its traditional manufacture and a high throughput method of 
cooking. 
Chapter four presents the experimental model reactions for the caramelisation reaction and the 
Maillard reactions along with a study of the influence of pH, salts and buffers. 
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Chapter five discusses the addition of fat to the reaction matrix, describes the influence of fat on the 
reaction models and looks at the impact of different types of fat. 
Chapter six presents the development of different emulsion structures and an assessment of their 
influence on the Maillard and caramelisation reaction models. 
Chapter seven provides the final conclusions and important findings of the thesis.  
Chapter eight discusses the materials and methods used throughout the thesis. 
Appendix A includes plausible reaction mechanisms by which the compounds monitored during the 
experiments may be formed. 
Appendix B includes Fonterra Cooperative Group product bulletins. 
Appendix C provides information regarding statistical methods and statistical data. 
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Chapter 2 Volatile compound analysis 
 
2.1 Introduction 
This chapter focuses on the method development for analysis of volatile compounds in ghee and 
model systems, using gas chromatography paired with mass spectrometry (GCMS).  Optimising an 
appropriate analytical method was a crucial step for this project; a consistent and automated 
method, able to analyse large numbers of samples was needed. 
The objective for the analysis was monitoring the changes in the volatile compound profiles when 
the external reaction conditions and the internal structure of the model system were changed. For 
this reason the method chosen needed to be functional across many different sample types and 
sample matrices. The samples being analysed contained a large number of different compounds. The 
compounds being detected exhibit a range of properties that will influence the analysis and there 
was a need to detect the compounds at both high and low concentrations. 
The screening of the samples for changes in volatile compounds under multiple conditions required 
a high throughput method that could be automated for experimental efficiency.  
 
2.2 Analysis of volatile compounds  
There are various methods of analysing volatile compounds; which is most appropriate depends on 
the nature of the analysis required, the objective of the analysis and the sample being analysed. The 
method of sample preparation also needs consideration when determining the most appropriate 
analytical technique.  
 
2.2.1 Analysis techniques 
Due to the volatile nature of the flavour compounds being investigated, the use of GCMS has been 
commonly used  (1-7) and widely applied for the analysis of food (7-10) including ghee and related 
products (2, 11-13) along with model Maillard reaction systems (14). GCMS has been coupled with 
both direct injection (2) and head space (12, 13) techniques for these types of samples. Mass 
spectrometry is commonly used as the detector for the analysis of Maillard reaction products. There 
are three main uses of GCMS to investigate the Maillard reaction (7): identification of unknown 
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compounds, quantification of known compounds and the study of Maillard reaction mechanisms.  
The comparison of unknown compound mass spectra to vast libraries of standard spectra is a useful 
tool for identifying compounds (13). However, it is always best to identify the compound based on 
the spectrum and retention time of an authentic compound run through the same system.  
Although commonly utilised for this type of analysis there were other options besides the GCMS for 
analysis such as  liquid chromatography-mass spectrometry (LCMS) (15), nuclear magnetic resonance 
(NMR) (15) electrochemistry (16, 17), capillary electrophoresis (CE) (18), fluorescence (19, 20) and 
ultraviolet spectroscopy (UV) (21). When studying both Maillard and caramelisation reaction 
products in foods it is necessary to separate them from each other to accurately account for reaction 
contributions (22).  In systems where both Maillard and caramelisation reactions are important and 
need to be monitored, the disappearance of the reducing sugar (e.g., glucose) and amino acid 
groups along with increasing UV absorbance, browning levels and protein reticulation have been 
monitored (23).  High performance anion exchange chromatography was used to monitor glucose 
loss and protein reticulation was monitored by  sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) (23). Isotopic labelling with C13 and N15 allows for tracking by GCMS to 
monitor reaction pathways and fragmentation products (24).   
For odour active compounds the technique of gas chromatography-olfactory can be a valuable tool 
(25).  This technique is useful for odour compounds where the molecule may give a large GC peak 
area as generated by a detector but does not correspond to high odour intensity. The same can be 
said for a compound with a small peak area coupled with high odour intensity.  There is, however, a 
need to assess the impact of the sample matrix on the odour intensity due to the complex nature of 
interactions between flavour molecules and other food components.  The compounds are detected 
by the human olfactory system providing sensory analysis as well as analytical (typically a second 
detector is also used).  A detection outlet of the GC is connected to a sniffing port that is located in 
an isolated environment to eliminate effects of outside odours. The results are limited by the limit of 
detection associated with an individual evaluator’s sense of smell (25). This technique would be very 
useful for later studies in this field, to correlate the presence of specific volatiles compounds with 
perceived flavour in ghee. 
An interesting technique used for monitoring the Maillard reaction is the use of electrochemical 
monitoring (16). The Maillard reaction intermediates are a viable electrochemical system, as the 
reductones formed are known to be electrochemically active.  The use of a platinum working 
electrode and an Ag/AgCl (saturated KCl) reference electrode allows redox potentials to be 
measured. Based on a model system using ß-alanine and carbohydrates, an increasingly negative cell 
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potential was observed over time as browning increased. This was indicative of the formation of 
chemically reducing species (16).  
For this study GCMS was chosen as the most appropriate analytical technique because of the ability 
to screen for a large range of volatile compounds using an automated system. GCMS allowed 
compounds that were present in ghee and any model systems to be detected at a range of different 
levels throughout the study and the sample analysis to be automated. The GCMS can also be 
coupled with a range of sample preparation techniques. 
 
2.2.2 Sample preparation techniques 
A variety of sample preparation techniques are available for use depending on the analytical 
technique chosen. Each technique has its advantages and disadvantages in terms of sample 
handling, interferences, automation and time considerations. 
Solid phase micro extraction (SPME) can be paired with headspace GCMS for analysis of volatile 
compounds.  Headspace has been particularly useful for dairy products, e.g.,  ghee (12, 13) as the 
nature of the food component matrix is complex and has the potential to affect the release or 
retention of the volatile flavour compounds (26). Headspace SPME provides a clean sample for 
desorption onto the column and allows for high throughput sampling with minimal sample 
preparation (27, 28).   It also allows the analytes to be removed from complex matrices.  Care needs 
to be taken using SPME as there are several aspects that need consideration such as the linear range 
of detection and competition effects on the fibre can lead to biases in quantitative determinations 
(26).  Selection of the optimal fibre can negate some of these effects.   
Other sample preparation techniques that could be used include purge and trap, solvent extractions 
with direct injection or headspace. These techniques can be used along with the introduction of 
internal standards to the sample to monitor extraction efficiency. The purpose of the analysis is to 
screen for changes in the volatile compound profile rather than quantitate exact quantities. 
 There are two options when extracting analytes using SPME: the first is headspace extraction where 
the fibre is exposed to the volatiles in the gas phase above the sample; the other is liquid phase 
extraction where the fibre is directly exposed to the analytes in the liquid sample. As the samples in 
this study were predominantly fat, a liquid based extraction would result in the fibre being covered 
in fat when introduced into the injection port creating contamination of the column. The best choice 
was therefore to use a headspace extraction where the volatiles are the only part of the matrix in 
contact with the SPME fibre.  
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The size of the sample determines the total quantity of any analyte available to equilibrate into the 
headspace and then the fibre. A smaller sample has a lower quantity and a larger sample has a 
higher quantity of analyte. A smaller sample and therefore lower quantity of analyte is less likely to 
generate competition on the fibre; however, a larger sample can provide a more representative 
sample of the bulk.  
For this analysis a method using SPME for the sample preparation was chosen since it could be 
automated and introduce analytes directly from the sample to the GCMS column without extra 
handling steps. Due to the variety of compounds being detected within the samples and the 
requirement to monitor many of them over the course of the study a quantitative detection method 
was not feasible.  This method was adapted from one previously developed in-house (29). 
 
2.3 Standard samples 
For the purposes of this study, a qualitative screening method was required for a variety of Maillard 
reaction compounds. Internal standards or standard curves were not used for this study as there 
was a wide range of compounds to be monitored. An internal standard would have been difficult to 
accurately add to each sample after cooking and generation of standard curves for each monitored 
compound would be time consuming. However a check on the system functionality was required 
along with a sample for optimising the system. A commercial ghee sample made by Fonterra, dairy 
flavour concentrate (DF300) and blank vials were used for the system checks. 
 
2.3.1 Blank vials 
Blank vials served the purpose of a control for system contamination. A blank sample should contain 
only peaks that are attributed to volatile compounds on the fibre as shown in figure 2.1. Any sample 
carry over would highlight a need to change the fibre, indicating that the extraction/desorption 
process was not optimal or that the system was overloaded. The blank sample also conditioned the 
fibre to remove any adsorbed volatile compounds from the lab environment.  
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Figure 2.1 A typical chromatogram from a blank vial run using the optimised method (chapter 8 
section 2.5). 
The intensity of the silane compounds detected in the analysed samples fluctuated greatly, this 
fluctuation could be due to the preferential desorption of analytes from the fibre over desorption of 
the silanes. This fluctuation can be seen when the peaks at 7 and 10 minutes in figure 2.1 are 
compared with those detected at the same times in figure 2.2. It is also possible that any silanes 
likely to desorb from the fibre are desorbed when the blank sample is run and therefore a lower 
quantity of silanes are present to desorb when subsequent samples are analysed used the fibre.  
 
2.3.2 Dairy flavour concentrate 
Dairy flavour concentrate (DF300) is a commercial ghee product (chapter 8, section 8.2.2) and was 
used as a reference material at the start and end of each run to check that the system was working 
correctly. Samples were also run in the middle of large batches as a system check during the batch 
analysis. A typical chromatogram of DF300 is shown in figure 2.2 which shows that the sample 
contains a range of Maillard reaction compounds, methyl ketones, acids and silanes from the fibre.  
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Figure 2.2 A typical DF300 chromatogram run using the optimised method (chapter 8 section 
2.5). 
 
2.4 Gas chromatography optimisation 
2.4.1 Column selection 
The compounds that are commonly associated with ghee and related dairy products such as maltol, 
furfural, and HMF have varying degrees of acidity, are polar and are volatile with a range of boiling 
points. This suggested that a polar column would be suitable for the analysis of these volatile organic 
compounds. Most publications dealing with the analysis of the Maillard compounds, both in ghee 
and model systems, use a ‘wax’ type stationary phase in the column (2, 13).  
The column used on the instrument was an EC-Wax column made by Grace (Part no. 19655). The EC-
Wax column is commonly used for analysis of fatty acid methyl esters (FAMEs), polar solvents, 
alcohols, flavours, fragrances, glycols and aromatic compounds (30). The stationary phase of the 
column is 100% polyethylene glycol, the structure is shown in figure 2.3 (30). 
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n  Polyethylene glycol stationary phase 
Figure 2.3 The stationary phase of the EC-Wax column: Polyethylene glycol (31). 
The dimensions of the column relate to the phase thickness, internal diameter of the column and the 
length of the column. The chosen column was a 30 metre long column that had an internal diameter 
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of 0.25 mm with a film thickness of 0.25 µm.  Each of these parameters has the ability to change the 
efficiency, capacity, resolution, and retention of analytes on the column. The dimensions of the 
column used were fairly typical dimensions that provide good resolution although the column had a 
smaller sample capacity than thicker film columns (32). The narrow diameter of such columns 
coupled with the thin and evenly distributed stationary phase provides fast mass transfer of analytes 
between the stationary and mobile phases. The low flow rate was also suitable for the coupling with 
mass spectrometers (32).   
 
2.4.2 Temperature gradient 
An isothermal method would not be suitable for analysis of ghee as there are a large number of 
analytes to be separated and a lengthy analysis time is undesirable as the peaks will broaden. A 
temperature gradient allows a greater number compounds to be separated in a shorter amount of 
time. The initial starting temperature for the column was 50 °C. The minimum column temperature 
is 40 °C (32); below this temperature the stationary phase (polyethylene glycol) will be frozen. A 
starting temperature of 50 °C ensures the stationary phase is liquid. The final temperature must 
remain below the maximum temperature limit for the column of 280 °C. However, the temperature 
also needs to be high enough to elute all of the compounds from the column. Preliminary sample 
runs demonstrated that with a final temperature of 220 °C there was no carryover of slow eluting 
compounds into the next sample run. 
Using the start (50 °C) and end (220 °C) temperatures, a series of constant slope gradients were run. 
The runs ranged from temperature increases of 1 °Cmin-1 up to 6 °Cmin-1. There was a 5 min hold 
time at 50 °C and again at 220 °C; these holds were applied to allow the compounds time to separate 
out before being forced along the column by increasing temperatures, and finally to ensure all 
compounds had eluted from the column before the start of the next run. Experimental details can be 
found in chapter 8, section 8.2.6. 
At 1 °Cmin-1 (figure 2.4) the time taken to run the sample was considered too long for use as a high 
throughput method and the quality of chromatogram was low, there were also large tailing peaks 
coming out at the end of the run. The temperature gradient was increased incrementally by 1 °Cmin-
1 up to a gradient of 6 °Cmin-1 (figure 2.5). At a gradient of 6 °Cmin-1 the analytes eluted from the 
column six times faster and as such there was a lack of separation across the entire chromatogram. 
Although compounds can be separated using mass spectrometry techniques, it was preferable to 
separate the compounds using chromatography.  
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Figure 2.4 Temperature gradient set at 1 °Cmin-1.  
 
 
Figure 2.5 Temperature gradient set at 6 °Cmin-1.  
It was found that the optimum gradient was between 3 °Cmin-1 and 4 °Cmin-1 after considering the 
time for separation and the peak resolution achieved. By incrementally increasing the gradient at 
0.25 °Cmin-1  from  3 °Cmin-1 to 4  °Cmin-1 the chromatogram in figure 2.6 was achieved when the 
gradient was 3.25 °Cmin-1 . 
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Figure 26 3.25 °Cmin-1 temperature gradient. 
 
Using the results from the incremental gradient experiments, the elution of compounds over the 
course of analysis was able to be adjusted to reach optimal separation (figure 2.7). 
 
 
Figure 2.7 Chromatogram achieved using the final temperature gradient (table 2.1). 
The final gradient (table 2.1) achieved a separation of virtually all compounds to a baseline level with 
a couple of exceptions that could be separated using mass spectrometry.  
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Table 2.1  Final temperature profile of GC column  
Initial temperature (°C) Final Temperature (°C) Rate of change (°Cmin
-1
) Hold time (min) 
50 50 0 2 
50 95 6 0 
95 95 0 5 
95 150 3.25 0 
150 170 1 0 
170 220 4 0 
220 220 0 2 
 
2.4.3 Instrument parameters 
The compounds are desorbed from the SPME fibre in the injection port and swept onto the column 
by the carrier gas (helium in this case). The temperature in the injection port needs to be hot enough 
to volatilise all of the compounds as any that are not volatilised at this point will collect on the front 
of the column and in the glass liner as impurities. The injection port temperature is also the 
temperature at which the compounds are desorbed from the SPME fibre. The injection temperature 
of the method was selected as 220 °C. The injection temperature is required to be high enough that 
the analytes are desorbed from the SPME fibre and remain volatile as they are swept onto the 
column (33, 34). The injection mode can either be split so that only a portion of the volatiles are 
swept onto the column or splitless where all of the volatiles are swept off the fibre and directly onto 
the column (35). A split ratio was chosen depending on the amount of analytes present on the fibre 
and the response factors of these compounds to avoid column overloading whilst still having enough 
of the analytes to achieve a representative chromatogram. 
The initially selected parameters were an injection temperature of 220 °C and a split injection with a 
ratio of 1:10.  Three split valve settings were investigated: splitless, split ratio of 1:10 and split ratio 
of 1:100. Figures 2.8 – 2.10 show the results of the same DF300 sample run at these three different 
split conditions. After running the variations the decision was to leave the split ratio at 1:10 and the 
injection temperature at 220 °C.  
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Figure 2.8 The oval marked A denotes overloading of the column as a result of a splitless   
injection.  
 
 
Figure 2.9 Split injection with a 1:10 ratio. 
 
Using the splitless injection ratio 100% of the analytes desorbed from the SPME fibre were 
introduced on to the column for separation. The large quantity of analytes eluting at ~33-36 minutes 
overloaded the column and generated a response that was outside of the mass spectrometer 
detection limits. This was evident by the sudden decrease and increase in peak intensity 
accompanied by a gap in the peak where the intensity was zero, this is highlighted with an oval 
marked A in figure 2.8. The split injection with a ratio of 1:10 (figure 2.9) provided an improvement 
in chromatogram quality relative to the splitless injection (figure 2.8). The peaks were sharper along 
with a smoother baseline, less peak tailing and the detector was not overloaded. However, a further 
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reduction in the split ratio to 1:100 (figure 2.10) meant that not enough of the analyte was loaded 
onto the column leading to small peaks that were sometimes lost in the baseline noise.  
 
 
Figure 2.10 Split injection with a 1:100 ratio. 
Although there are various options for a carrier gas, the GCMS instrument was already set up with 
helium as the carrier gas and it was not thought that there was any analytical advantage to be 
gained by changing this. 
 
2.5 Solid phase microextraction (SPME) optimisation 
After selection of a suitable SPME fibre there are two steps that are carried out during SPME: the 
solute adsorption from the sample matrix onto the fibre and the transfer of these analytes 
(desorption) in the injection port both of steps were considered during the optimisation. 
 
2.5.1 SPME fibre selection 
The role of the fibre is to collect the volatile compounds from the sample, and then retain those 
compounds until they are desorbed in the injection port. The fibre must be selected for the 
compounds to be extracted from the headspace.  Fibres have a range of coatings each with different 
polarities ranging from non-polar to polar. For some compounds, such as many Maillard reaction 
compounds, that may have mixed polarity and mixed volatility a 
polydimethysiloxane/divinylbenzene (PDMS/DVB) fibre is suitable and can be used for the extraction 
of compounds with a molecular mass range of 50-300 Da. The thickness of the fibre coating 
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influences the adsorption/desorption properties of the fibre. Thin coatings (10 µm) offer retention of 
semi-volatile compounds with fast diffusion capabilities while a thicker coating (100 µm) will permit 
the retention of highly volatile compounds. The chosen fibre (PDMS/DVB coating) had a thickness of 
65 µm. This fibre was supplied by Sigma-Aldrich and is considered suitable for volatile compounds 
that contain amines, alcohols and other volatile polar groups (36). 
 
2.5.2 Extraction parameters 
During the headspace sampling the analytes are distributed between three phases: the fibre coating, 
the headspace and the sample (liquid or solid) phase (36).  Each compound equilibrates between 
these three phases based on based on the kinetics of mass transport and the properties of the 
compound.  In the standard sample (DF300) there are many compounds each of which will have a 
different equilibrium between the phases.  The distribution between the phases is temperature 
dependent and is also influenced by pH, ionic strength and the presence of organic solvents. At a 
higher temperature, analytes will move favourably from the sample into the headspace. However, 
this needs to be balanced with the change in the equilibrium between the headspace and the fibre 
which also favours the headspace at higher temperatures.  The extraction time is related to the 
extraction temperature as the equilibria are established at different rates based on the temperature 
of the system.  
Different extraction temperatures were tested using a fixed extraction time of 20 minutes and the 
results demonstrated the effect that the properties of the individual components have on finding an 
optimal method. An extraction temperature of 60 °C was used as a starting point (29, 37, 38) with 
temperatures of 50 °C (38, 39) and 70 °C (38) also being tested. As the temperature was increased 
from 50 °C to 60 °C and then to 70 °C there were distinct differences between the peak areas. The 
peak areas of acetic acid and furfural decreased as the temperature was increased from 50 °C (figure 
2.11a) whereas some compounds (figure 2.11b) including undecanone appeared to have a linear 
increase in peak height with temperature, other compounds (figure 2.11c and d) had a larger peak 
area when extracted at 60 °C.  
It was decided to keep the extraction temperature at 60 °C, as extraction at this temperature 
provided adequate amounts of all compounds for analysis, and had previously been used for the 
analysis of ghee (29), and for the extraction of compounds from emulsions (37). The temperature is 
also high enough to ensure that any fats that are found in solid state at room temperature will be in 
a liquid state.  
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Figure 2.11 Influence of extraction temperature on selected DF300 compounds: A, acetic acid 
(left) and furfural (right); B, undecanone (21 minutes); C, hexanoic acid; D, maltol. Black, 50 °C; blue, 
60 °C; pink = 70 °C. 
 
The extraction time used to investigate the influence of changing extraction temperature was 20 
minutes. The extraction time was varied to include three time points (chapter 8, section 8.2.6.4) of 
10, 20 and 30 minutes (29, 38) using the optimised temperature of 60 °C. Reducing the extraction 
time to 10 minutes decreased the amount of many compounds that were extracted with the 
exception of acetic acid and furfural (figure 2.12). On the other hand, increasing the extraction time 
to 30 minutes increased the extracted amount of only a few compounds such as undecanone (figure 
2.12).  The decision was made to utilise the 20 minute extraction time.   
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Figure 2.12 Influence of extraction time on selected DF300 compounds: A, acetic acid (left) and 
furfural (right); B, undecanone (21 minutes); C, hexanoic acid; D, maltol. Black, 10 minutes; pink, 20 
minutes; blue, 30 minutes. 
 
Given sufficient time to test a wider range of time/temperature combinations it may have been 
possible to achieve a more optimal system. However, the result achieved using the 20 minute 
extraction at 60 °C was deemed suitable for this work which centred on the analysis of a wide range 
of compounds at a range of different concentrations.  
 
2.5 Mass spectrometry 
Mass spectrometry requires a gaseous sample of high temperature to be introduced into the 
ionisation chamber. The ionisation technique used in this instrument is electron ionisation (EI). High 
voltage electrons are accelerated as a beam (70 eV) into the gaseous analyte molecules; this can 
impart enough energy to generate a charged molecule, or ion, by the removal of an electron. The 
energy and instability of the molecular ion can lead to fragmentation in a repeatable pattern. 
Molecular ions will fragment in the same pattern under the same conditions. These charged 
fragments then pass through the mass analyser. The sampling rates (Hz) were 0.5 (scan) and 0.2 
(single ion monitoring, SIM) with the mass range being sampled between 40 and 350 Daltons. All of 
the volatile compounds likely to be found in ghee and any model samples are small molecules with a 
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molecular mass below 350 Da.  The interface between the GC column and the mass spectrometer 
was set at 230 °C and the ion source temperature at 200 °C. These temperatures ensure that there 
was no condensation of volatile compounds inside the mass spectrometer.  The MS conditions used 
were taken from a method previously developed at Fonterra (29). 
 
2.6 Data analysis 
This project was concerned with changes that occurred in flavour formation when the matrix of the 
sample being cooked was changed; as such there was no requirement to know the absolute quantity 
of a compound present. The absolute quantities of any particular compound are not as important as 
the relative changes in formation of compounds in one matrix as compared with another e.g., an 
aqueous matrix versus an emulsion matrix. Studies that have used quantitative methods for ghee 
analysis were primarily concerned with the quantity of each measured compound in certain types of 
ghee (2, 13). Of course, the use of external or internal standards for any compounds that are of 
particular interest could allow most methods to become quantifiable with either internal or external 
standards.  
 
2.7 Compound identification 
 The Wiley compound library (Wiley 7) was used for tentative identification of peaks in the mass 
spectrum of each sample. These identifications were based on comparisons made to reference 
spectra in the library. Throughout this work the peaks of interest were identified using this 
identification system. A range of compounds were identified in the DF300 chromatogram including 
Maillard reaction products, methyl ketones, acids and silane compounds derived from the fibre 
(figure 2.13).  
The range of compounds present in each sample includes Maillard (and caramelisation) reaction 
compounds plus compounds from the fats. Maillard reaction compounds were the compounds that 
were of most interest for this thesis. Based on the peak picking (figure 2.13) a group of eleven 
compounds were selected for tracking throughout the rest of the experiments (table 2.2). 
Monitoring of all the compounds was still carried out but these eleven compounds were the main 
focus since they have a range of flavour attributes (40) (table 2.2) and are formed by a variety of 
mechanistic pathways. 
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Table 2.2 Compounds identified in DF300 samples and chosen for monitoring  
Name Structure Flavour 
Acetic acid 
CAS: 64-19-7 
OH
O
 
vinegar, acidic 
Furfural 
CAS: 98-01-1 
O
H
O
 
caramel, almond, sweet 
2-Acetylfuran 
CAS: 1192-62-7 O
O
 
sweet, nutty 
Butyrolactone 
Dihydro-2(3H)-furanone 
CAS: 96-48-0 
O O
 
milky, creamy, slightly fruity 
Furfuryl alcohol 
CAS: 98-00-1 
O
OH
 
burnt, sweet, caramel, bitter 
2(5H)-Furanone 
CAS: 497-23-4 
O O
 
buttery 
Maltol 
CAS: 118-71-8 
O
OH
O  
malt, cocoa, caramel, sweet, fruity 
2-Acetylpyrrole 
CAS: 1072-83-9 
H
N
O
 
sweet, tea, nutty 
Hydroxymaltol 
2,3-Dihydro-3,5-dihydroxy-6-methyl-
4H-pyranone 
CAS: 28564-83-2 
O
O
HO OH
 
caramel, burnt sugar 
Hydroxymethylfurfural 
HMF 
CAS: 67-47-0 
O
O
HO
 
buttery, caramel, bitter 
Dihydro-4-hydroxy-2(3H)-furanone 
DHHF 
CAS: 5469-16-9 
O
OH
O
 
None found 
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Figure 2.13 Labelled chromatogram of DF300 (not all peaks are labelled) *indicates a peak in the blank due to the SPME fibre. 
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2.8 Reproducibility and repeatability 
The reproducibility of analytical methods using SPME extraction techniques are not as high as when 
other techniques are used to introduce the analytes to the GC column. The repeatability was tested 
by triplicate analysis of the same DF300 vial (figure 2.14) and the reproducibility of multiple samples 
was tested across different days (figure 2.15).   
Analysis of the same DF300 vial multiple times (figure 2.14) had a residual standard deviation of 
<20% across all 11 compounds whilst analysis of multiple DF300 samples across different days had a 
higher residual standard deviation of up to 50%; although most compounds fell below 30%. 
Attempts were made to minimise the residual standard deviation by increasing the sample size, 
adding buffer solutions to alter the pH, altering the SPME extraction and desorption conditions.  This 
demonstrates the need to run control samples for each experiment and randomise sample analysis 
for large sample sets. Samples run on different days will be more difficult to compare due to the 
lower degree of reproducibility; however, a set of samples run on the same day can be compared 
with a greater degree of confidence in the differences.  
 
 
Figure 2.14 Triplicate analysis of a DF300 sample. Error bars represent the standard deviation of 
the triplicate measurements. 
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Figure 2.15 Averages of triplicate DF300 samples measured on different days using different 
DF300 samples each day. Error bars represent the standard deviation of the replicate 
measurements.  
The repeatability of compound retention times was also measured and found that retention times 
were highly reproducible with a small standard deviation (table 2.3). 
 
Table 2.3 Repeatability of retention times for a DF300 sample analysed in triplicate. 
 Sample 
Acetic 
Acid Furfural 2-Acetylfuran Butyrolactone 
Furfuryl 
alcohol 2(5H)-Furanone Maltol 2-Acetylpyrrole Hydroxymaltol HMF DHHF 
1 15.03 15.50 17.18 21.98 23.65 26.75 34.04 34.46 48.54 59.32 61.99 
2 15.03 15.50 17.18 21.98 23.65 26.75 34.04 34.46 48.54 59.32 61.99 
3 15.03 15.50 17.18 21.98 23.65 26.75 34.04 34.46 48.54 59.32 61.99 
Average 15.03 15.50 17.18 21.98 23.65 26.75 34.04 34.46 48.54 59.32 61.99 
Standard 
deviation 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
%RSD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
 
 
2.9 Error Calculations 
Error bars used on all graphs are based on the standard deviation of replicate samples.  
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2.11  Matrix interference 
There are various matrix factors, such as pH and the amount of fat present that can affect the final 
result when analysing for volatile compounds. The headspace GC analysis relies on partitioning of 
volatile compounds into the gas phase so that when the SPME fibre is exposed the volatiles adsorb 
onto the surface in an equilibrium between the gas phase and the fibre. However, some matrix 
components change the partition coefficients, which results in a change in the equilibrium between 
the sample phase and the gas phase (41).   
Liquid extractions can also be used to isolate the compound of interest. However, this method is still 
prone to matrix effects. Liquid extraction is done by extracting the compounds of interest into 
another solvent – often a non-polar solvent like diethyl ether, which can then be directly injected 
onto the column. Caution needs to be taken as this method can cause contamination of the column 
and injection port if the extraction is not done cleanly.  Care needs to be taken particularly with food 
system samples as they can contain proteins and other non-volatile compounds which can 
contaminate the column and lead to artefacts.  
If two samples have different matrices e.g. if one contains fat and the other does not, but the 
samples contain the same quantity of a specific analyte there will still be a difference in the partition 
coefficients of the two samples which will result in differences in final analytical results. Therefore all 
of the samples in this thesis were matrix matched to ensure analytes were being extracted for 
analysis from the same matrix regardless of the initial sample matrix by the addition of fat to the 
aqueous samples after cooking. The samples had either canola oil or AMF added depending on the 
experiment being carried out. There was no difference in results when using different fats for the 
analysis of the caramelisation (figure 2.16) or the Maillard reactions (figure 2.17).  
The protonation state of a compound can affect its partition coefficient. At different sample pH a 
compound can have a different protonation state meaning that a salt form of the compound may 
not be as volatile as its acid or neutral form or may not be volatile at all. The molecules will form an 
equilibrium between the acid, neutral and salt forms, the favourable direction of the equilibrium 
depends on the pH of the solution.  Cooking cream and the reaction model systems resulted in pH 
values of 4-5 and this pH was consistently achieved by the final samples. Samples that are analysed 
at different stages of the cooking time from 2 minutes up to the 20 minute final cook time had pH 
values below pH 7. The pH of these samples was not adjusted prior to analysis.   
The ability to compare the aqueous model samples with the cream samples was crucial to this work 
and therefore this matrix effect needed to be overcome. Other influences on the matrix could be 
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components that were added to the system such as salts (including buffers) and emulsifiers added to 
generate emulsions. The addition of these components to samples of DF300 indicated that there 
were no significant differences when compared with original DF300 samples.  The additional 
components were tested for interference at two levels: at the level of addition and a level 2-5x 
higher, depending on the additive. 
 
Figure 2.16 The influence of different fats on the analysis of aqueous caramelisation reaction 
samples. The error bars represent the standard deviation of replicate samples. The samples that 
were matrix matched with AMF are shown in blue while those matched with canola oil are shown in 
red. 
 
Figure 2.17 The influence of different fats on the analysis of aqueous Maillard reaction samples. 
The error bars represent the standard deviation of replicate samples. The samples that were matrix 
matched with AMF are shown in blue while those matched with canola oil are shown in red. 
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2.18 The influence of PGPR on the analysis of DF300. The DF300 samples containing 3% (blue), 
1.5% (red) or 0% (green) PGPR with error bars representing the standard deviation of replicate 
samples. 
The addition of PGPR to DF300 at both 1.5% (experimental level) and at 3% (excess PGPR) did not 
cause any significant changes to the analysis of the volatile compounds. PGPR is an emulsifier that 
will be used for the generation of w/o emulsion structure. There is a chance that the PGPR could 
react with the model system components or that the presence of the PGPR could alter the 
partitioning of the volatile compounds between the samples, the headspace and the fibre. These 
results (figure 2.18) suggest that any differences seen in the formation of volatile compounds when 
PGPR is added will be due to reactions occurring rather than interference of the PGPR with the 
partitioning of the volatile compounds. The same scenario could happen with the addition of the 
o/w emulsifier Tween 60 (figure 2.19); the results indicate that there will be no interference with the 
analysis of the volatile compounds. This does not rule out the possibility that the Tween 60 can 
participate in the reactions. 
It is expected that the addition of sodium chloride (NaCl) and sodium phosphate buffers could 
influence the Maillard and caramelisation reactions when added to a model reaction system. The 
addition of these salts could also interfere with the analysis by altering the partitioning of the 
volatile compounds between the sample, headspace and fibre. The addition of NaCl (figure 2.20) 
leads to some small changes in the levels of detected volatile compounds; however, the changes are 
smaller than the calculated error and therefore unlikely to be significant. The sodium phosphate 
buffer (figure 2.21) generated similar small changes in the results when DF300 containing the buffer 
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was analysed and it was concluded that the presence of the buffer was not causing any interference 
with the analytical method. Any differences in the formation of volatile compounds seen when 
comparing results of samples cooked with and without NaCl or sodium phosphate buffer can be 
assumed to be generated through the participation of NaCl or sodium phosphate buffer in the 
Maillard and caramelisation reactions as there is no significant interference of these components in 
the analysis. 
 
Figure 2.19 The influence of Tween 60 on the analysis of DF300. The DF300 samples have 3% 
(red), 1.5% (blue) or 0% (green). Tween 60 with error bars representing the standard deviation of 
replicate samples. 
 
Figure 2.20 The influence of sodium chloride on the analysis of DF300. The samples of DF300 
contain 10% (green), 5% (red) and 0% (purple) sodium chloride with error bars representing the 
standard deviation of replicate samples. 
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Figure 2.21 The influence of sodium phosphate buffer on the analysis of DF300. The addition of 
phosphate buffer at the concentration of 0 M (green), 0.2 M (blue) and 1 M (red) in DF300 with the 
error bars representing the standard deviation of replicate samples. 
 
2.12  Conclusion 
A method was successfully developed for the analysis of volatile compounds in ghee involving the 
use of SPME extraction coupled with GCMS with an error of <20% for replicate analysis of the same 
sample. This method is robust enough that the addition of emulsifiers and salts to the reaction 
systems along with changes in the type of fat included will not interfere with the analysis of the 
volatile compounds. This method will allow any changes to the formation of volatile compounds to 
be monitored for the assessment of the impact that different structures have on the Maillard and 
caramelisation reactions in ghee and model systems. 
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Chapter 3 Ghee  
3.1 Introduction 
The discussion in this chapter focuses on traditional methods of making ghee, the adaptation of 
these processes to establish a high throughput production method and the volatile compound 
profiles of different ghee samples. The volatile compound profile of the ghee samples was 
investigated using the GCMS method developed previously (chapter 2). External factors leading to 
changes in the volatile compound profiles such as pH, time and temperature, were explored with 
respect to their impact on the Maillard reaction. The central hypothesis that the colloidal structures 
of cream and butter are a key factor in the volatile compound formation is then explored. Such 
changes in the profile of volatile compounds in ghee offer the potential for manipulating flavour of 
ghee products. 
 
3.2 Traditional ghee cooking methods  
Traditionally, cream (or milk) is fermented by warming to promote growth of intrinsic lactic acid 
bacteria. Alternatively, cream is inoculated with active cultures. The cultures produce lactic acid, 
souring and curdling the cream and contributing to the final flavour of the ghee (1-3).  There are 
several artisan methods of making indigenous ghee (figure 3.1) from the soured cream; all of which 
have a common element of heating to high temperature, 110-140 °C. These different methods all 
start from fermented milk, cream (often soured to 0.5-1% acidity with lactic acid), butter or a 
combination of butter and buttermilk (2, 3).  After the heat clarification, the remaining product is 
filtered to remove any remaining solids. Whether the ghee is made by the desi (milk butter) (MB) 
method, direct cream (DC) method, cream butter (CB) method or the prestratification (PS) method 
(3) they all have a heat clarification step.  The desi or milk butter method (3) involves fermenting the 
milk for 12-16 hours using lactic acid bacteria and then churning it to make butter (plus buttermilk) 
before heat clarification to evaporate the water and leave just milk fat (ghee) after filtration to 
remove non-fat solids (3). The heat clarification step takes place in an open pan at 110-125 °C (4). 
The direct cream method involves separating the cream from the milk, heating the cream to 
evaporate the water (110-125 °C) and filtering (4).  Cream butter ghee is made with soured cream 
(0.5-1% acidity value), that is churned to butter before evaporating the water (110-125 °C) and 
filtering (4). The pre-stratification method involves heating creamery or desi butter to 80 °C and 
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standing for 30 minutes (3). Once separated the bottom layer can be discarded and the upper layer 
is heated further to evaporate the water before filtration (4).  
An extra ghee preparation method was trialled that was not documented in the literature. Similar to 
the CB method of ghee manufacture, this method kept the buttermilk produced when the cream 
was churned to butter. The butter and buttermilk were then cooked together to form the ghee to 
investigate if it was the structure change (cream versus butter) or different ratios of matrix and 
starting materials that could lead to the differences in final ghee flavour. The method is referred to 
as the butter/buttermilk method (B/B method); see figure 3.2.  
Samples of ghee made using the direct cream method (chapter 8, section 8.4.1.1), cream butter 
method (chapter 8, section 8.4.1.2) and butter/buttermilk method (chapter 8, section 8.4.1.3) all 
exhibited differences in the profile of Maillard compounds. The fermentation step was not carried 
out when the ghee samples were made in the wok. This step was removed from the wok methods as 
the contributions to the final flavour from fermentation are not of interest in this study. 
 
 Figure 3.1 Traditional methods of ghee manufacture (3). 
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Figure 3.2  Butter/buttermilk method of making ghee, as designed in the laboratory. 
The principal components plot uses a correlation matrix based on the peak areas for the selected 
Maillard compounds as described in section 2.7 (for further details on principal components analysis 
see appendix C).  Flavour contributions due to fat compounds and other volatiles are not included in 
the analysis of the results.  The principal components plot in figure 3.3 has a first component 
variance of 84.6% and a second component variance of 7.1%. The horizontal shifts account for a 
large percentage of variation between the different ghee types but also demonstrates the 
inconsistency in the wok methods (chapter 8, section 8.4.1) from batch to batch.  The variation 
between the samples for each cook type is large relative to the variation between the different cook 
types. This variation between batches suggests that factors such as the time and temperature of the 
cooking process are important to the final flavour. Altering the time and temperature could lead to 
further changes in the final compound profiles. The end point of cooking for each of these batches of 
ghee was determined using the visual cue of melanoidin colour, which is difficult to pinpoint with 
accuracy and precision each time. To combat the issue of inconsistency between samples and the 
time consuming nature of the methods a model cooking method was required (section 3.3).  
Butter/Buttermilk 
Separation 
Churning 
Heat clarification 
Ghee 
Milk 
Cream 
Butter/buttermilk method 
  
68 | P a g e   A n g e l a  E .  N e w t o n  
 
7.55.02.50.0-2.5-5.0
1.0
0.5
0.0
-0.5
-1.0
-1.5
-2.0
First Component (variance 84.6%)
S
e
c
o
n
d
 C
o
m
p
o
n
e
n
t 
(v
a
ri
a
n
c
e
 7
.1
%
)
 
Figure 3.3   Principal components score plot of ghee samples cooked using traditional wok 
methods. Butter samples are represented in black, cream samples in green and butter/buttermilk 
samples in red; three batches of each were produced.  
 
3.3 Modelling the cooking of ghee  
To effectively study the impact of matrix structure on the formation of volatile compounds in ghee a 
high throughput and controllable method of cooking small samples was required.  By utilising an 
autosampler agitator attached to the GCMS, the temperature and time of cooking could be 
controlled along with stirring. Small samples were able to be prepared and cooked using a 
replicated, high throughput method.  
The direct cream and cream butter methods (figure 3.1) were transferred directly to the 
autosampler (AS) cook setup by placing either cream or butter into the vials. The prestratification 
method (figure 3.1) was not used due to the extra separation step required which was not practical 
on a small scale.  The butter/buttermilk method (figure 3.2) trialled on the stove top was also 
applied to the AS cooked ghee. 
For all AS methods the filtration step to remove non-fat solids from the ghee was omitted because 
the presence of the non-fat solids was assumed not to interfere with the equilibrium of volatile 
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compounds with the SPME fibre. The non-fat solids are melanoidins; these melanoidins are non-
volatile large compounds (5, 6) that have been characterised using size exclusion chromatography 
(7), rheology, thermal and microscopy analysis (8) or solid phase extraction (9) rather than GC. 
To establish a set of cooking parameters (time and temperature) a set of experiments were run 
using the direct cream method (chapter 8, section 8.4.3) to investigate the influence of time and 
temperature. 
 
3.4  Influence of time and temperature 
The time taken to cook ghee is partially related to sample size – the 200 ml sample of cream cooked 
in the wok takes approximately 60 minutes to cook whereas the smaller 2 ml sample of cream took 
much less time to go through the same stages of cooking discussed earlier (temperature 
equilibration, evaporation, further cooking). Cooking times of up to and including 20 minutes were 
investigated along with a range of temperatures from 110 to 135 °C (1-3, 10-12).  
 By altering the time and temperature of cooking the ratio of Maillard and caramelisation reactants 
formed can be shifted.  The cooking times and temperatures were varied (chapter 8, section 8.4.3) 
to gain an understanding of how different compounds act with respect to time and temperature.  
The accuracy of the temperature regulation in the agitator is ± 2 °C as stated in the user manual. 
Figure 3.4 shows the differences that occur when the cook temperature is altered by 3 °C.  Relative 
to the differences achieved when the temperature is changed by 10 °C or more (figure 3.5), the 
changes of ± 3 °C (figure 3.4) lead to relatively minor differences suggesting that any inaccuracy in 
the temperature control will be insignificant to the final results.  
As cooking temperature was increased the yield of Maillard reaction compounds also increased. 
Temperature can be used to change the volatile compound profile and potentially the flavour of the 
ghee can be achieved; a lower cooking temperature will provide a ghee containing less of the volatile 
compounds whereas a higher cooking temperature will provide a ghee containing higher quantities 
of these compounds.  These results were taken from samples of ghee with a cooking time of 20 
minutes. When the cooking time is changed, the formation of volatile compounds changes as well 
(figure 3.6).  
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Figure 3.4 Differences generated by a small change in temperature. The temperatures shown 
on the graph are 132 °C (blue), 135 °C (purple) and 138 °C (red). The error bars represent the 
standard deviation of duplicate samples.   
 
Figure 3.5 Differences generated by large changes in temperature. The temperatures assessed 
were 110 °C (blue), 120 °C (red), 125 °C (green) and 135 °C (purple).  The data in figure 3.5 were not 
duplicated as they were part of a time series experiment that was only carried out once due to time 
constraints. 
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For some of the Maillard compounds it can be seen (figure 3.6) that the effect of temperature and 
time is greater for some products than for others. There are compounds (furfural, 2(5H)-furanone, 
maltol) that have little difference in rate or yield at 120-125 °C; however, as soon as the temperature 
is increased to 135 °C there is an distinct increase in rate overall. When all of the monitored 
compounds are considered (figure 3.7) an increase in product formation with time was seen at all 
temperatures tested over the 20 minute time period (figure 3.7). The point at which this rate change 
occurs differs between the compounds from 12-14 minutes possibly due to change in water activity 
and the temperature increase that occurs after evaporation.  DHHF shows a steady increase over 
time that increases incrementally with temperature; there is not the large increase in formation that 
was seen in the other compounds. 
 After assessing the impact of time and temperature on the volatile compound profile in the ghee 
samples, a set of cooking parameters was established. Each sample was cooked for 20 minutes at 
135 °C to achieve a caramel coloured product containing a range of Maillard reaction compounds.  
 
  
  
 
Figure 3.6 Influence of time and temperature on the formation of selected Maillard reaction 
compounds; A, Furfural; B, 2(5H)-Furanone; C, Maltol; D, DHHF. The temperatures represented on 
the graphs are 120 °C (red), 125 °C (green) and 135 °C (purple). 
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Figure 3.7 Maillard product formation over 10 minutes at; A, 135 °C; B, 125 °C; C, 120 °C. 
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3.5 Comparing high throughput cooking to wok ghee 
The standard cooking parameters adopted for the cooking of ghee in the autosampler were 
established as 20 minutes cooking time at 135 °C with stirring set to 500 rpm. These cooking 
parameters were used to cook six replicate samples of each sample: direct cream, cream butter and 
butter/buttermilk ghee (chapter 8 section 8.4.2). The PCA plot obtained is shown in figure 3.8. 
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Figure 3.8  PCA score plot of ghee samples cooked using the GC autosampler.  Butter samples 
are shown in black, cream samples in green and butter/buttermilk samples in red. 
 
A comparison of the figure 3.8 PCA plot (correlation matrix) with the plot for the wok ghee (figure 
3.3) highlights a similar distribution of sample profiles. The first component explains 87% of the 
variation with 6.8% explained by the second component. While the percentage in variation is similar 
between the two figures (3.8 and 3.3), the distribution within the quadrants was different. In figure 
3.8 the cream can be seen in the bottom right quadrant with butter and buttermilk positioned in the 
top half, the distribution in figure 3.3 places cream in the top left quadrant. The different 
distributions arise from a variation in the ratio of the Maillard compounds. 
Ghee cooked in the GC autosampler cannot be expected to mimic ghee cooked in a wok exactly as 
the conditions of cooking are not able to be 100% replicated. The vials are glass as opposed to the 
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metal/Teflon surface of a wok. The stirring in the autosampler is constant versus intermittent with 
the wok, the heated surface area and therefore temperature profile across the samples is different 
not only because of the cooking set up but also because  the volume of the samples is considerably 
smaller in the autosampler. When the two cooking set ups are compared for each of the ghee 
methods it can be seen in the PCA plot (figure 3.9) that there is clearly a separation between wok 
cooked samples and ghee cooked samples.  Variation along the first component axis accounts for 
77% of the sample variation while the second component axis accounts for 11.7% of the variation. 
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Figure 3.9 PCA score plot showing the differences between wok-cooked ghee and AS-cooked 
ghee.  Samples made from butter are shown in black, made from cream in green and 
butter/buttermilk samples are shown in red. 
 
The purpose of transferring the method of cooking ghee from a wok to the GC autosampler was to 
allow for automated high throughput sample cooking. The ghee made using the model cooking 
setup does not have to match the volatile compound profile of the ghee cooked in the wok exactly 
as the reactions will still behave in the same manner with respect to time, temperature and pH 
changes. Maillard compounds picked out of the standard reference sample (chapter 8 section 8.2.2) 
were also found in the wok ghee and model cooked AS ghee (figure 3.10). The variation between 
cooking methods is greater than the variation between samples of the same method when the ghee 
AS 
Wok 
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is cooked using the autosampler.  The automated method is not only more consistent, but it is a 
better model for commercial processes. 
 
Figure 3.10 Volatile compound profile comparing autosampler and wok cooked cream.  Wok 
cooked cream samples are shown in blue with AS cooked ghee in red. The error bars represent the 
standard deviation of the six samples. 
 
3.6 Structure of starting materials 
As a preliminary experiment, a comparison of different starting materials was used, to see if there 
was a difference in the volatile compound profile of the ghee. Obviously these starting materials 
have differences in both chemical composition and physical structure, which does not allow a direct 
test of the hypothesis.  However, the structural differences of each starting material could provide 
an insight as to why the volatile compound results after cooking are different. Figure 3.11 shows the 
results from four different ghee samples each cooked in the autosampler (chapter 8 section 8.4.2), 
for comparison, another sample of model ghee was cooked from a buttermilk sample which 
contained no fat (chapter 8 section 8 4.2).  Starting materials for generating model ghee samples 
were weighed out such that the amount of aqueous phase would be as consistent as possible across 
the samples to rule out the possibility of the differences being due to different levels of reactants. 
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Figure 3.11   Autosampler cooking of different structures of cream. Direct cream method samples 
are shown in blue, butter samples in red, butter/buttermilk in purple and buttermilk in green. The 
error bars represent the standard deviation of six samples.  
 
Cream has an oil-in-water emulsion structure. As heat was applied to the system the cream began to 
simmer and water began to evaporate to create a thick sticky oil in water emulsion. As the water 
percentage in the matrix decreased further the emulsion underwent a catastrophic transition (13) 
where the emulsion structure collapsed and did not form a water in oil emulsion. The collapsed 
emulsion structure which had formed two separate phases of oil and water continued to cook and 
the remaining water evaporated until only the fat phase remained, along with non-fat solids.   
The structure of butter is a water in oil emulsion in which the dispersed water droplets are 
kinetically trapped and stabilised by the surrounding crystalline fat continuous phase.  As butter was 
heated, the fat phase (which is semi-solid at room temperature) melted and the aqueous phase was 
released from the fat matrix. The aqueous phase then evaporated without being constrained by a 
matrix structure.  
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Along with the structural differences between cream, butter and buttermilk there are also some 
differences in chemical composition. Cream contains 60% aqueous phase with approximately 3% 
lactose and 2% protein along with various salts and minerals. Butter contains approximately 20% 
aqueous phase with the same composition as the aqueous phase of cream – the butter therefore 
contains only 1/3 of the reactants relative to cream. When the excess buttermilk is retained with the 
butter the aqueous reactant levels remain the same when compared to cream.  Buttermilk that has 
been removed from cream contains the aqueous components described above but does not contain 
any of the fat components that could be contributing to the final volatile profile.   
To remove the variability associated with chemical composition of the starting materials controlled 
model systems were needed.  The development of these model systems can be found in the next 
chapter (chapter 4). 
 
3.7  Conclusion 
The AS cooking method was developed to cook a ghee sample of small volume with high throughput 
in an automated system.  Differences seen in the samples cooked traditionally in the wok using the 
various methods could be replicated in the AS samples. The standard method of cooking for the 
remainder of the study was to use 2 ml cooked in the autosampler agitator for 20 minutes with fast 
stirring (500 rpm) and a glass bead at 135 °C; any deviations from this standard method are clearly 
stated.  
There were some differences seen between the samples cooked using the same method on both the 
autosampler and the wok; however, the autosampler cooked samples behaved as expected with 
respect to pH, time and temperature.  In general, the overall Maillard product formation increased 
as time and temperature were increased between 120 and 135 °C and 10 to 20 minutes, 
respectively. 
There were differences achieved in the volatile compound profile when different starting structures 
were used; butter versus cream versus butter/buttermilk. The ability to determine which differences 
are due primarily to the structural differences rather than differences in the chemical composition of 
the starting ingredients required the use of a model system. The following chapters will continue to 
explore the impact that matrix structure has on the Maillard and caramelisation reactions. A model 
system will be discussed in chapter 4 as a simple model for the Maillard and caramelisation reactions 
in cream. 
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Chapter 4  An experimental model for the Maillard and 
caramelisation reactions 
4.1  Introduction 
This chapter outlines the development and use of reaction models for this thesis. The models were 
designed to study the Maillard and caramelisation reactions for the purpose of understanding 
flavour formation in ghee. The reaction models were validated against cream by adjusting the 
parameters of cooking time, and temperature and starting pH to ensure that the model system 
behaved in a similar manner to cream when these influential parameters were changed. The 
addition of phosphates and salt to the model allowed the impact of these components, to be 
assessed.  
A model system was designed based on a very simple view of a cream system. Two simple reaction 
systems for the Maillard and caramelisation reactions were designed.  It can be difficult to separate 
and distinguish between the caramelisation reaction and the Maillard reaction in any reaction 
system, particularly in food systems (1, 2). The use of two model reaction systems side by side 
containing the same quantity of lactose allowed the potential impact of caramelisation pathways to 
be determined relative to the overall reaction scheme occurring in the Maillard reaction system.  
To allow the influence of the chemical composition and matrix to be distinguished, the matrix was 
broken down into its building blocks, the model system was then built from the bottom up, starting 
with the simplest matrix and adding components until the model resembled the original matrix. This 
approach allowed each component of the matrix composition and structure to be investigated and 
its influence on the reactions determined. 
 
4.2 Modelling the Maillard and caramelisation reaction in cream 
Most dairy products including cream and butter contain significant quantities of lactose, a 
disaccharide of glucose and galactose (3).  Lactose and the monosaccharides glucose and galactose 
are all reducing sugars. Amine groups are available through free amino acids present as well as 
reactive side chains of lysine residues in proteins. The caramelisation reaction differs from the 
Maillard reaction in that the reducing sugar (lactose) is degraded in the absence of any amino acids 
(figure 1.4). In the presence of excess amino groups the Maillard reaction will be favoured. The 
kinetics of the caramelisation reaction are different from those of the Maillard reaction as the 
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reaction mechanism that occurs in the absence of the amino groups is different (1, 2) from the 
mechanisms occurring in the presence of amino groups. 
The model reaction systems were developed using D-lactose (3.0% w/v) and L-lysine (2.0% w/v). This 
equates to concentrations of 87 mML-1 (lactose) and 140 mML-1 (lysine) and a molar ratio of 1: 1.6; 
which in turn gives a ratio of lactose: available amino groups of 1:3.2. The lactose content of the 
model system is a reflection of the lactose content in cream. Lysine was chosen as the amino 
component of the model system because it is a common and readily available amino acid found in 
dairy proteins.  Lysine also contains a free amino group that is not part of the protein backbone and 
therefore is free to participate in the Maillard reaction.  Lysine was added in excess to explore the 
limits of the Maillard reaction.  Additional lysine could be added to the ghee in a commercial context 
if excess lysine produced a more favourable flavour profile.  
There are other components of cream and dairy products that may also contribute to the Maillard 
reaction, including phosphates and other salts. These salts can enhance the rate of the Maillard 
reaction (figure 1.9) and their influence in this model reaction system was explored further in section 
4.6.  Metals have also been shown to have an impact on the Maillard reaction including calcium, 
magnesium and sodium (4), all of which are found in dairy products. Sodium was introduced in small 
amounts as sodium hydroxide to the model reaction systems in order to change the pH. However, 
the concentration in the sample was less than 0.04 M which is the concentration at which the group 
I metal ions produced a reliable increase in browning in the ribose/glycine model used in a study by 
Rizzi (4).  The amount of calcium and sodium found in cream is 96 mg/100 ml (~0.02 M calcium), 25 – 
40 mg/100 ml (0.01-0.02 M sodium) along with magnesium, phosphorus and potassium in quantities 
ranging from <10 mg/100 ml to 75 mg/100 ml (5) (Fonterra product bulletin, appendix B).  
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Table 4.1 Amino acids in cream as a percentage calculated from the amino acid profile of milk 
protein concentrates (Total protein percentage in cream = 2% (Fonterra product bulletin; appendix 
B)). The fat content of cream was ~40%. 
Amino acid % in cream g per 100 g of protein  
Isoleucine 0.11 5.30 
Leucine 0.19 9.60 
Lysine 0.17 8.40 
Methionine 0.06 2.80 
Phenylalanine 0.10 4.90 
Threonine 0.09 4.50 
Tryptophan 0.03 1.40 
Valine 0.13 6.40 
Histidine 0.05 2.70 
Alanine 0.07 3.30 
Arginine 0.74 37.0 
Aspartic acid 0.16 7.80 
Cysteine/cystine 0.02 1.20 
Glutamic acid 0.43 21.6 
Glycine 0.04 1.90 
Proline 0.20 9.80 
Serine 0.11 5.60 
Tyrosine 0.12 5.30 
 
 
4.3 The differences between the Maillard and caramelisation reactions 
Using the standard conditions, (chapter 8, section 8.4.2) with a starting pH of 7 (the same pH as 
fresh cream measured using pH paper (0-14, Merck)) a set of results was obtained for both the 
caramelisation (figure 4.1) and Maillard reaction (figure 4.2) models that highlights some of the 
differences in the measured products. Samples were made and cooked in duplicate as per chapter 8, 
section 8.5.   
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Figure 4.1 Compounds formed via the caramelisation reaction (lactose) at pH 7. Cooking 
conditions were 135 °C, 20 minutes, 500 rpm stirring. Results are an average of two duplicate cooks 
of the same aqueous solution as comparison of the caramelisation reaction across multiple 
experiments can have up to 70% variation in these results. The error bars represent the standard 
deviation of the duplicate cooked samples for this experiment. 
 
Figure 4.2 Compounds formed via the Maillard reaction (lactose and lysine) at pH 7 in a model 
system. Cooking conditions were 135 °C, 20 minutes, 500 rpm stirring. Results are an average of two 
duplicate cooks as comparison of the Maillard reaction across multiple experiments can have up to 
70% variation in these results. The error bars represent the standard deviation of the duplicate 
cooked samples for this experiment. 
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When cream was cooked (chapter 8, section 8.5.3.1) under the same conditions at pH 7 (pH of fresh 
cream, no adjustment was made) the same group of compounds were formed although with 
different ratios (figure 4.3). The pH of fresh cream was measured using 0-14 pH paper.   
 
 
Figure 4.3 Reaction compounds formed via the Maillard and caramelisation reactions in fresh 
cream. Cooking conditions: 135 °C, 20 minutes, 500 rpm stirring. Error based on the standard 
deviation of six cooked samples of fresh cream. 
The mechanisms of the Maillard and caramelisation reactions of lactose and lysine each have the 
potential to provide a similar set of volatile compounds (as set out in table 2.2) to those seen in 
cooked cream and ghee.  The Maillard and caramelisation reactions have different initial stages due 
to the presence of the amino groups in the Maillard reaction (6). The volatile compounds (table 2.2) 
can be formed by the mechanisms proposed  (appendix A) by the Maillard reaction via the Amadori 
compound (figure 1.2) and subsequent rearrangement (7-11) (figure 1.3), or alternately the 
compounds can be formed via the caramelisation reaction through a lactose isomerisation pathway 
(6, 11-14) (figures 1.5 and 1.6). These pathways converge on a set of intermediate compounds: 1-
deoxyosone (15-19), 3-deoxyhexosone (6, 19) and lactulose (caramelisation) (6) or aminoreductone 
(Maillard) (20-22) (figure 4.4) that then react to generate the compounds identified in table 2.2.  The 
only compound that cannot be formed via the caramelisation reaction is 2-acetylpyrrole since the 
nitrogen from the amino acid is incorporated into the final compound and this is absent in the 
caramelisation reaction.  
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Figure 4.4 Intermediate compounds formed via caramelisation and Maillard reactions en route 
to volatile flavour compounds based on proposed mechanisms (appendix A). 
When the data in figures 4.1, 4.2 and 4.3 were compared for the compounds formed using the 
caramelisation model, Maillard model and cream it became evident that while the same compounds 
were formed, they were formed in different ratios, suggesting that some of the reaction pathways 
are disfavoured in the model systems. Overall the level of compounds found in the cream samples 
was considerably higher than the level seen in both the caramelisation and Maillard model systems. 
The ratio of compounds seen in cream was expected to differ from that seen in either of the model 
systems due to the presence of proteins and free amino acids other than lysine (23). The presence of 
other amino acids (table 1.1) could provide a range of alternate pathways that may be more or less 
favoured over those available when only lysine was present in the system leading to different 
flavours as indicated in table 1.1 where different amino acids were reacted with glucose to achieve 
different flavours (24). The differences displayed between the model system and cream also 
highlighted the influence that other parameters such as fat content, emulsion structure and the 
presence of other components (salts, metals) may have on the formation of the volatile compounds 
during cooking. 
There are similarities between the model Maillard reaction and cream samples; in both acetic acid 
was detected along with other compounds found along the 2,3-enolisation pathway (figure 1.3).The 
formation of acetic acid has been  used as a marker for the progression of the Maillard reaction (25) 
in food products such as cereals, where it originates from a 1-deoxyglucosone cleavage (26). This 
cleavage is along the 2,3-enolisation pathway that occurs after the formation of the Amadori 
compound and leads to the formation of compounds including maltol, hydroxymaltol and furanones 
(7) (figure 1.3).  In contrast maltol, hydroxymaltol and DHHF were not detected in the caramelisation 
model in an aqueous matrix (figure 4.5), which would suggest that the mechanisms by which these 
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compounds are formed occur more readily when an amino acid is present. Furfural, furfuryl alcohol 
and HMF were formed in both the caramelisation and the Maillard model reactions (figure 4.5).  
These compounds have been shown to form via an alternate pathway from the Amadori compound 
rather than the 2,3-enolisation pathway (figure 1.3)  in the Maillard reaction (7) and via the 
caramelisation reaction (11). With the exception of butyrolactone and furfural the Maillard reaction 
generated a higher yield of all flavour compounds in an aqueous matrix.  
 
Figure 4.5 Relative amounts of compounds formed in the Maillard model compared to the 
caramelisation model. Caramelisation reaction samples are represented by the red bars, Maillard 
reaction samples by the blue bars. The error bars represent the standard deviation of the duplicate 
cooked samples. The data was taken from figures 4.1 and 4.2. 
 
4.4 Influence of time and temperature 
When cooking parameters were altered the amount of flavour compounds in cooked cream 
generally increased with increasing time and temperature (section 3.4).  In cream, both the Maillard 
and caramelisation reactions can occur at the same time and not all of the protein is available for 
participation in the Maillard reaction. To validate the model reaction systems against cream a set of 
samples were cooked against the same time and temperature parameters used to investigate the 
behaviour of cream. 
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Figure 4.6 Influence of time on the Maillard reaction. Samples of the model aqueous Maillard 
reaction were cooked at 135 °C for 10 (green), 15 (red) and 20 (blue) minutes. The error bars 
represent the standard deviation of duplicate cooked samples. 
 
As the time of cooking was lengthened the amount of volatile compound formation increased by a 
considerable amount (figure 4.6). An increase was also seen when the temperature was increased 
from 125 to 135 °C (figure 4.7). Similar behaviour with respect to time and temperature was also 
seen in cream (figure 3.5).   
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Figure 4.7 Influence of temperature on the Maillard reaction. Samples of the aqueous model 
Maillard reaction were cooked for 20 minutes at 125 °C (blue) and 135 °C (red). The error bars 
represent the standard deviation of duplicate samples. 
A closer look at the data highlights that the formation of furfural, HMF and butyrolactone was not 
significantly influenced by temperature and time when compared with the other compounds. The 
yield of all other compounds significantly increased with longer times and higher temperatures. 
When these results are compared with the results for the caramelisation there are several points to 
note. The formation of furfural increased in the caramelisation reaction relativeto the Maillard 
reaction where there appeared to be no significant change with time or temperature in the amount 
formed.  However, butyrolactone appears to decrease with increases in time and temperature 
during the progress of the caramelisation reaction (figure 4.8 and 4.9).  This decrease could suggest 
that the butyrolactone reacts further as the reaction time increased or that at higher temperatures 
another compound is forming preferentially. In studies carried out to investigate the formation of  
Maillard reaction compounds  during the breakdown of inulin to make tequila (27), a similar trend 
was seen during the cooking process whereby the concentration of butyrolactone remained 
constant and then decreased over time.  Along with 2-acetylpyrrole, a compound not expected to be 
formed in the caramelisation reaction, there are several other compounds that were not detected in 
this experiment, such as: 2(5H)-furanone (very low detection in figure 4.1 samples), maltol, and 
DHHF. The absence/low detection of these compounds suggests that other reaction pathways were 
preferred. 
0
50,000
100,000
150,000
200,000
250,000
300,000
350,000
400,000
450,000
P
e
ak
 a
re
a 
Reaction compounds 
88 | P a g e   A n g e l a  E .  N e w t o n  
 
 All the other compounds formed during the caramelisation reaction behaved in a similar manner to 
those formed via the Maillard reaction with respect to time and temperature. 
 
Figure 4.8 The influence of time of the caramelisation reaction in an aqueous matrix. The 
samples were cooked for 10 (green), 15 (red) and 20 (blue) minutes at 135 °C. The error bars 
represent the standard deviation of duplicate samples. 
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Figure 4.9  The influence of temperature on the caramelisation reaction in an aqueous matrix. 
The samples were cooked for 20 minutes at 125 °C (red) and 135 °C (blue). The error bars represent 
the standard deviation of duplicate samples. 
Overall, the trend relating to increasing overall volatile compounds with time and temperature was 
occurring within the Maillard and caramelisation models as was the case during the cooking of the 
cream samples. A change to time and temperature of cooking alters the overall levels of volatile 
compounds. The levels of the compounds represent the potential for different levels of flavour and 
changes in the ratios of compounds to each other can generate changes in the type of flavour. To 
change these ratios the reaction pathways need to be directed in alternate directions and one 
method for changing the favoured mechanistic pathway is to change the pH of the reaction.  
 
4.5 Influence of pH on the Maillard and caramelisation reactions 
The influence of pH on the Maillard reactions has been previously studied and shown to correlate 
with the generation of different compounds due to the occurrence of different pathways under 
different pH conditions (section 1.3.1) (1-3, 28-30). Based on this literature it was hypothesised that 
the formation of volatile compounds in ghee could be altered by using cream that had been adjusted 
to different pH values (chapter 8, section 8.5.3.1).  The pH of the system changes as the reaction 
progresses and so it is difficult to control the reaction pH without the addition of a buffering system 
to maintain a constant pH; however, the addition of these buffers can also impact on the reaction 
(section 1.3.1).  
Even with the buffering capacity of cream (31) there was decrease in measured pH as the reaction 
progressed. This is in part due to the formation of acidic compounds (32, 33). This pH decrease was 
seen across all of the cream samples (chapter 8, section 8.5.2) regardless of the starting pH, the final 
pH for all samples was 4-5. The decrease of pH observed in the cream solution (figure 4.10)  during 
cooking was also observed in the caramelisation experiments, and has been documented as 
occurring during caramelisation leading to lactulose degradation into fructose and galactose (12). 
The model reaction system samples all followed the same pH trend (figure 4.11). 
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Figure 4.10 Change in pH of cream at 2.5 minute intervals as it was cooked at 135 °C for 20 
minutes. The pH was measured using 0-14 pH paper. 
 
 
Figure 4.11 Change in pH at 2 minute time intervals of the aqueous Maillard reaction model as it 
was cooked at 135 °C for 20 minutes. The pH was measured using 0-14 pH paper.  
 
 By adjusting the starting pH of the system the rate of change in reaction pH over time will be altered 
leading to differing amounts of time at which any one mechanistic pathway is favoured for the 
formation of volatile compounds. As such, different ratios of volatile compounds were expected 
when the pH of cream and the model systems was adjusted prior to cooking. There was a distinct 
change in the volatile compound profile of the ghee.   The mechanism shown in figure 1.3 predicted 
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that furanone would decrease with decreasing pH and that HMF would increase along with furfural 
due to the preference for 2,3-enolisation mechanisms at high pH and 1,2-enolisation mechanisms at 
lower pH (1, 2, 19, 30). Furfural formation did not appear to follow a trend as the starting pH was 
altered despite the mechanisms by which it is formed being reported (3)  to require acidic 
conditions.  
 The influence of pH on the Maillard reaction products is due to the different reaction pathways 
from the Amadori compound (figure 1.3). The different reaction mechanisms are pH dependent with 
the 2,3-enolisation pathway dominant at high pH values and the 1,2-enolisation pathway dominant 
at lower pH values. The proposed mechanism for the formation of HMF indicate that acidic 
conditions are required (figure 1.3) and its formation occurs along the 1,2-enolisation pathways 
whereas the furanones are formed along the 2,3-enolisation pathway (figure 1.3) via the 
deoxyhexosone compound (figure 4.4).   
 
Figure 4.12  The change in formation of furfural, 2(5H)-furanone and HMF in cooked cream at 
different pH values. Error bars represent the standard deviation of duplicate cooked cream samples.    
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Figure 4.13 Influence of different starting pH on volatile compound formation in cream cooked 
at 135 °C for 20 minutes. Error bars represent the standard deviation of duplicate cooked cream 
samples.      
 
The effect of pH on the overall volatile compound formation in cream can be seen in figure 4.13. 
Each compound has an independent optimum pH of formation meaning that different compound 
ratios can be generated through a simple pH change. At an initial pH of 11 furfuryl alcohol, 2(5H)-
furanone, butyrolactone and acetic acid are formed at their highest yields, these yields then 
decrease as the starting pH is decreased. Other compounds, such as maltol and the related 
compound hydroxymaltol, had an optimal yield at pH 9 with HMF favoured at acidic pH.  The same 
effect was seen in the model reaction systems (chapter 8, section 8.5.3) when the starting pH was 
adjusted.  Different changes in individual compounds were seen in the caramelisation reaction and 
the Maillard reaction models.  
When the caramelisation reaction was carried out at an initial pH of 11 there was a significant 
increase in the formation of most of the compounds, particularly furfuryl alcohol (figure 4.14). 
Whilst it is difficult to directly compare the results from the caramelisation model with those from 
cream (due to the multiple reactions that occur in cream) the increase in furfuryl alcohol at pH 11 
was in line with an increase seen in cream.  
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Caramelisation of lactose can occur through multiple pathways via the isomer lactulose (11, 12, 34, 
35).   Isomerisation of lactose to lactulose (figure 1.5) occurs as a series of reversible reactions. The 
position of the equilibrium and therefore the balance of isomers can be pushed towards lactulose by 
using sodium hydroxide at pH 11 and by heating the solution (12). Given the impact seen when the 
pH was adjusted to pH 11 prior to cooking it was likely this isomerisation to lactulose was occurring 
at an increased rate in the model system.  
 
Figure 4.14 Variation in product formation for the caramelisation reaction with a change in the 
initial pH.  Error bars represent the standard deviation of duplicate cooked samples 
 
A closer look at the results obtained when the initial pH of the aqueous caramelisation reaction is 
changed (figures 4.14 and 4.15) show that the formation of furfural exhibits only a little variation as 
the pH was varied while HMF formation was increased at low pH and 2(5H)-furanone increased with 
increasing pH.  
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Figure 4.15 Changes to the caramelisation reaction with pH (pH 11 results have been removed 
for clarity). Error bars represent the standard deviation of duplicate cooked samples. 
 
The increase in the formation of volatile compounds at high pH can be attributed to the protonation 
state of the amine groups on the lysine residue (figure 1.8).  The initial stages of the Maillard 
reaction up to the formation of the Amadori compound occur at a slower rate when the amine 
groups are protonated under acidic conditions.  Adjusting the reaction solutions to a higher pH 
resulted in a faster reaction that yielded higher levels of several key compounds including acetic 
acid. Based on these results (figure 4.16) it would appear that an initial reaction pH of 9 would yield 
the greatest level of product formation for the Maillard reaction model.  The 2,3-enolisation 
pathway (figure 1.3) of the Maillard reaction has been shown to be favoured at basic rather than 
acidic pH.  As can be seen in figure 4.16 compounds such as maltol, hydroxymaltol, DHHF and 
furanone that are found along the 2,3-enolisation pathway (figure 1.3) were prominent at pH values 
above 7. An increase in acetic acid, a by-product of this pathway also increased at higher pH values, 
contributing to the overall decrease in pH (figure 4.11). 
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Figure 4.16 Influence of pH on the Maillard reaction model. The error bars represent the 
standard deviation of duplicate samples. 
 
4.6 Other components of cream that influence the Maillard reaction 
As previously indicated there are many components in cream and related dairy products other than 
lactose and lysine including phosphates and other salts (31).  These compounds are also able to 
influence the Maillard and caramelisation reactions (36). The reaction models contained only the 
reactants, whereas cream on the other hand contains a myriad of buffers and salts each of which 
can buffer the pH (31) and catalyse the reaction (37) as shown in figure 1.10.  
 
Since the decrease of pH over the course the Maillard reaction can slow the initial reaction rate, the 
addition of a buffer can stop this pH decrease (37) depending on the reaction parameters. Studies 
carried out at 37 °C showed no change in pH over the course of the reaction when a pH 7 phosphate 
buffer (0.02 - 0.5 M) was added to the reaction system (37).  This is contrary to what happened in 
cream which contains its own buffering capacity which has an optimum capacity at pH 3-6  (31) and 
has a final pH of ~pH 5 when cooked for 20 min at 135 °C. The addition of buffers and salts to the 
model system was used to gain an understanding of the impact the buffering species present in 
cream could have on the Maillard and caramelisation reactions. A 0.2 M phosphate buffer was 
added to the model systems along with 5% NaCl as per chapter 8, section 8.5.4/8.5.5.  At a 
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concentration of 0.2 M the phosphate buffer was roughly 50% of the maximum buffer concentration 
used by Bell (1997) (37) and exceeded the concentration of lysine in the system. The 5% NaCl 
provided 0.3 M of sodium to the reaction system which exceeds the amounts used in the study by 
Rizzi (2008) (4). At these concentrations any influence of the phosphate or sodium addition should 
be detected in changes to volatile compound formation.  Each sample was cooked and analysed 
once to provide an indication of the potential impact that the addition of sodium chloride and 
phosphate buffer may have on the reactions.  
 
There is an obvious impact on both the Maillard (figure 4.17) and the caramelisation (figure 4.18) 
when the phosphate buffers are added. Any phosphates present in cream can therefore be expected 
to have a large impact on the overall progress of each reaction either due to the buffering provided 
or the interaction of the phosphate groups (figure 1.9). 
 
 
 
Figure 4.17  Impact of phosphate buffer addition to the Maillard reaction. Maillard reaction 
samples containing 0.2 M phosphate buffer (pH 7) shown by the green bars and samples without 
phosphate buffer shown by the blue bars. This experiment was not replicated. 
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Figure 4.18 Impact of phosphate buffer addition of the caramelisation reaction. Caramelisation 
reaction samples containing 0.2 M phosphate buffer (pH 7) shown by the green bars and samples 
without phosphate buffer shown by the blue bars. This experiment was not replicated.  
 
When phosphate buffer was added to the caramelisation reaction an increase in 2,3-enolisation 
compounds, maltol, hydroxymaltol and DHHF was detected. The formation of these compounds 
highlighted the impact that the phosphate groups or buffering effect could be having on the reaction 
as these compounds had not previously (figure 4.5) been seen under these cooking conditions. 
 
The addition of salts such as sodium chloride did not appear to have the same effect on either 
reaction. The addition of 5% sodium chloride to both the Maillard reaction (figure 4.19) and the 
caramelisation reaction (figure 4.20) did not result in a change in relative amounts of volatile 
compounds that were formed  as large as that seen when the phosphates were added to the system.  
 
The addition of sodium chloride to the Maillard reaction lead to lower formation of volatile 
compounds with the exception of furfuryl alcohol and 2(5H)-furanone. A similar general decrease in 
compound formation was seen in the caramelisation reaction; however, increases in furfural and 2-
acetylfuran were detected. 
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Figure 4.19 Influence of sodium chloride (5%) on the Maillard reaction. Maillard reaction 
samples containing sodium chloride are shown by the red bars, samples without sodium chloride are 
shown by the blue bars. 
 
 
 
Figure 4.20 Influence of sodium chloride on the caramelisation reaction. Caramelisation reaction 
samples containing sodium chloride are shown by the red bars, samples without sodium chloride are 
shown by the blue bars. 
 
0
10000
20000
30000
40000
50000
60000
70000
80000
P
e
ak
 a
re
a 
Reaction compounds 
0
2,000
4,000
6,000
8,000
10,000
12,000
14,000
16,000
18,000
20,000
P
e
ak
 a
re
a 
Reaction compounds 
99 | P a g e   A n g e l a  E .  N e w t o n  
 
 
The increase of the amount of some compounds formed when phosphates are present and the 
general decrease in compound formation when sodium chloride was added to the system 
demonstrates the different influences that the salt components of cream can have on the system. 
Additionally, salts can influence the structure of the matrix as well as the reactions (38).Therefore 
for the purposes of keeping the reactions as simple as possible, the salts were not added to the 
model reaction when changing the structural matrix.  
 
4.7 Conclusion 
The reactions occurring in cream while it is being cooked were modelled based on the 
caramelisation reaction and the Maillard reaction. These model reaction systems were simplified to 
lactose and lysine in an effort to remove the majority of further confounding chemical factors. Based 
on experimental evidence, these reaction systems behaved in a similar way to cream when different 
parameters such as time, temperature and pH were changed.  Differences that were seen in the 
results can be explained, in part, by the presence of buffers and salts in cream, the differences may 
be able to be further explained by the presence of lipids and the emulsion structure of cream. The 
next step was to establish the model structural matrix, using a step by step build so that each part of 
the matrix could be studied and its role determined in a systematic fashion. 
As described in chapters 5 and 6, building the aqueous matrix into a cream-like matrix involved 
adding several structural components: an oil phase following by an emulsion structure containing 
emulsifiers. The contribution of each component and each of the various parameters associated with 
these components was explored using the model reactions developed in this chapter.  The influence 
of the addition of fat on the reaction outcome can be found in chapter 5, followed by a study into 
the influence of emulsion structure in chapter 6.  
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Chapter 5 The role of fat in the Maillard and caramelisation reactions 
5.1 Introduction  
This chapter takes the model reaction systems developed in chapter 4 and introduces a fat 
component as part of the colloidal structure to probe the role of fat when the reaction systems are 
cooked at high temperatures. In the context of this study the term fat covers both liquid oils and 
solid lipids of plant and animal origins. Fat present in a food system can have various roles as part of 
the material functionality, flavour perception, texture and the health attributes of that system (1).   
The properties and functionality of fats are determined by their fatty acid components, which have 
different levels of saturation and different chain lengths (1).  The length of the chains and degree of 
saturation affect the melting point and the crystal structure of the fat at different temperatures.  
Addition of fat to a food matrix or reaction matrix has the potential to change the properties of the 
overall system and, therefore, the course of the reaction or behaviour of a reaction in the selected 
matrix.  The properties of a system that change upon the addition of fat may include the polarity, the 
specific heat capacity and mass transfer parameters. It has also been suggested that particular free 
fatty acids can have an influence on compound formation (2, 3). 
Fat has a low polarity and is hydrophobic; therefore, the addition of fat to an aqueous matrix will 
generally provide a second phase. This second phase has properties substantially different from 
those of the initial water phase, which leads to the partitioning and mass transfer of reactants, 
reaction intermediates and final volatile compounds across the two phases (4, 5). The partition 
coefficient of each compound will determine which of the two phases the compounds are in.  Milk 
fat and plant oils have different chemical compositions and physical properties and so differences in 
partitioning are very likely. The partitioning of reaction products into the fat phase may move the 
position of equilibrium in the aqueous phase and so lead to product formation (5-7).  
Canola oil and anhydrous milk fat (AMF) were the fats chosen for addition to the model reaction 
system as set out in section 8.6. Anhydrous milk fat, derived from dairy products, contains a large 
percentage of shorter saturated fatty acid chains, and usually needs to be heated above 40 °C for all 
the fat to be melted (Fonterra product bulletin, appendix B). Canola oil has a higher percentage of 
longer unsaturated fatty acid chains and is a liquid at room temperature  (8).  These two fats also 
have different densities, specific heat capacities and thermal conductivity properties  (8). The 
addition of fat to the aqueous reaction created a reaction environment that contained two phases 
each with different physical properties, which will be referred to as the two phase system.  The use 
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of two different fats allowed the impact of the particular properties of that fat on the reactions to be 
investigated as well as the general impact of fat addition. 
The effect of changes in heat transfer throughout a reaction system along with moisture evaporation 
need to be considered as the addition of fat (and the specific properties of the fat) will have an 
influence over these parameters, which in turn can influence the Maillard and caramelisation 
reactions (9). It has already been shown that the formation of volatile compounds in ghee (section 
3.4) and the model systems (section 4.4) changes with cooking temperature. However, the internal 
temperature of the system is not always the same as the set cooking temperature (10). The internal 
temperature of the sample relies on the heat transfer of the system as determined by the thermal 
properties of the reaction medium (11).  
A considerable amount of  research has been undertaken on the participation of lipids and the 
carbonyl groups of oxidised lipids in the Maillard reaction (12-15). The work in this chapter looks at 
the influence of fat on the physical parameters of the reaction system that influence the Maillard 
and caramelisation reactions to generate flavours other than those arising from methyl ketones and 
aldehydes which are generated from fats (section 1.3.5).   
 
5.2 The influence of fat on the Maillard reaction 
The PCA plot (figure 5.1) comparing samples (chapter 8, section 8.6) cooked in a 100% aqueous 
reaction medium and those cooked in a 60% aqueous medium with added fat indicates a clear 
difference in the formation of volatile compounds.  The addition of the fat to the matrix generated a 
significant difference (p value <0.05, as determined by ANOVA (appendix C, table C1)) and figure 5.2 
demonstrates that the difference generated was an overall increase in volatile compound intensity 
within the cooked sample.  A significant increase was seen in most of the compounds measured in 
the Maillard model reaction system, the exceptions being acetic acid, hydroxymaltol and DHHF.  
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Figure 5.1 PCA of the influence of fat on the Maillard reaction. Samples containing 40% fat and 
60% aqueous phase are shown by red squares and samples with 100% aqueous phase are black 
circles. 
 
Figure 5.2 Influence of fat (samples containing canola oil shown by red bars, samples 
containing no canola oil shown by blue bars) on the formation of volatile compounds by the Maillard 
reaction (Error is based on standard deviation of six samples).   
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When the samples containing fat were separated into samples containing canola oil and samples 
containing anhydrous milk fat (AMF) in the principal components plot (figure 5.3) a pattern emerged 
that suggested there were some variations in the amounts of volatile compounds generated as the 
type of fat was changed. The changes that occurred when a different fat was used were smaller than 
those achieved when fat was initially added to the aqueous system. The significance of the 
differences in the amounts of volatile compound formed when using AMF and canola oil was 
determined using ANOVA testing to calculate the p value (appendix C, table C2). The compounds 
whose formation was significantly altered when the oil was changed from canola oil to AMF were 
hydroxymaltol, 2-acetylpyrrole, furfuryl alcohol, butyrolactone and furfural. 
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Figure 5.3 PCA plot of the Maillard reaction model system with two different fats added. 
Samples are identified by the fat used for cooking and analysis: AMF (black circles) and canola oil 
(red squares). Samples labelled 100% aqueous volume were cooked without fat. 
 
It was established using ANOVA testing and p values (appendix C, table C2) that several compounds 
were formed in significantly different yields when the oil was changed (figure 5.4) namely: 
hydroxymaltol, 2-acetylpyrrole, furfuryl alcohol, butyrolactone and furfural. Of these compounds, 
the levels of some (furfural, furfuryl alcohol and butyrolactone) were increased when canola oil was 
100% aqueous volume 
60% aqueous volume 
 40% fat volume 
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used instead of AMF, whilst the levels of other compounds (hydroxymaltol and 2-acetylpyrrole) 
decreased with the use of canola oil.  
 
Figure 5.4  Influence of fat type on the Maillard reaction. Error bars are the standard deviation 
of replicate samples for this experiment. Maltol values are underestimated due to poor peak shape. 
Blue bars represent samples containing AMF as the fat phase, and samples containing canola oil are 
shown in red. The error bars represent the standard deviation of six replicate samples.  
 
5.3  The influence of fat on the caramelisation reaction 
The caramelisation reaction behaved differently to the Maillard reaction when fat was added to the 
system (figure 5.5).  The difference between the samples with fat and without fat was not as large 
when plotted on a PCA plot and compared to the differences seen in the Maillard reaction (figure 
5.1). 
 When fat (canola) was added to the caramelisation model (figure 5.6) several compounds exhibited 
a significant change including DHHF, furfuryl alcohol, butyrolactone, 2-acetylfuran, furfural and 
acetic acid (appendix C, table C3).  Of these compounds, furfural and 2-acetylfuran increased in yield 
when the fat was added, whilst DHHF, furfuryl alcohol, butyrolactone and acetic acid decreased 
when fat was added to the system.  
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Figure 5.5 PCA plot of the differences between caramelisation reaction samples containing fat 
(red squares) and samples without fat (black circles). 
 
Figure 5.6 The addition of fat (canola) to the caramelisation reaction matrix. Samples with 
100% aqueous phase are shown in blue while samples containing 60% aqueous phase plus canola oil 
are shown in red. Error bars are based on the standard deviation of six samples within the 
experiment.  
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When considering the impact of fat on the caramelisation reaction (figure 5.6) the addition of fat 
appears to have significant impact on some of the compounds, with acetic acid, furfural, 2-
acetylfuran, butyrolactone, furfuryl alcohol and DHHF having a calculated p value <0.05 when fat 
was added to the system (appendix C, table C3).  When a closer look is taken at the PCA plot (figure 
5.7) to determine the impact of the different types of fat (AMF versus canola) it appears that there is 
a shift in the overall compound profile. However, it is only a small shift when compared with the 
overall shift in the profile generated by the addition of fat to the aqueous system. 
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Figure 5.7 PCA plot of the influence the type of fat has on the caramelisation reaction. AMF is 
represented by the black circles, canola oil samples are represented by red squares. 
 The change in compound profile identified in the PCA plot (figure 5.7) was due to the significant 
shifts in the levels of acetic acid, 2(5H)-furanone, furfuryl alcohol and buytrolactone formed 
(appendix C, table C4). The amounts of these compounds all decreased when canola oil was used 
instead of AMF (figure 5.8). The changes in the caramelisation reaction with the addition of fat and 
by changing the type of fat were small compared with the changes occurring in the Maillard reaction 
(figure 5.9).  
100% 
aqueous 
volume 
 
60% 
aqueous 
volume 
40 % fat 
 
110 | P a g e   A n g e l a  E .  N e w t o n  
 
 
Figure 5.8 Changes occurring in the formation of the volatile compounds when the fat phase of 
the caramelisation reaction was changed from canola oil (red bars) to AMF (blue bars). The error 
bars represent the standard deviation of six replicate samples. 
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Figure 5.9 PCA plot of the variation in compound profiles achieved using caramelisation 
reaction versus Maillard reaction, aqueous versus two phase matrix and different fats.  The 
caramelisation reaction is shown in green diamonds (canola oil) and black circles (AMF) with the 
Maillard reaction represented by red squares (AMF) and blue triangles (canola oil). 
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5.4 Aqueous concentration effect  
The model reactants were dissolved in the aqueous portion of the reaction environment. The total 
reactant concentration was kept the same for both the aqueous and two phase samples. This was 
achieved by increasing the reactant concentration in the aqueous phase of the two phase samples 
due to the lack of reactant solubility in the fat. Therefore, each sample contains the same quantity of 
reactants; however, they are dissolved in a different volume. The aqueous matrix samples have an 
aqueous volume of 100% and the two phase matrix samples have an aqueous volume of 60%. 
Control testing (chapter 8, section 8.6.1) on the different aqueous concentrations (both contain 
0.272 mmol lysine and/or 0.174 mmol lactose per 2 ml or 1.2 ml sample) showed that the aqueous 
concentration had no significant impact on the overall results of the Maillard (figure 5.10) (appendix 
C, table C5) and caramelisation reactions (figure 5.11) (appendix C, table C6). Any of the monitored 
compounds that were influenced by the concentration of the aqueous phase were expected to 
increase in yield at higher aqueous concentrations. However, there were no large increases in the 
formation of volatile compounds across either the Maillard (figure 5.10) or caramelisation (figure 
5.11) reactions indicating that the aqueous concentration was not an influencing factor for the 
model reaction system under these conditions. 
 
Figure 5.10  Aqueous concentration effects on the Maillard reaction. Samples containing 
0.174 mmol lactose and 0.272 mmol lysine in 2 ml shown as blue bars and samples containing the 
same quantities in 60% volume (1.2 ml) are shown as green bars.  Error bars represent the standard 
deviation of six replicate samples. 
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Figure 5.11  Aqueous concentration effects on the caramelisation reaction. Samples 
containing 0.174 mmol lactose in 2 ml are shown as blue bars and samples containing the same 
quantities in 60% volume (1.2 ml) are shown as green bars. The error bars represent the standard 
deviation of six replicate samples. 
 
5.5 Reaction temperature and evaporation 
The increase in formation of volatile compounds across the cross section of selected compounds 
suggests that the reaction rates of the initial stages of the Maillard reaction increased with the 
addition of the fat.  The addition of fat provided the reaction matrix with a solvent that unlike water 
does not evaporate as the temperature approaches 135 °C.  When the reactants were heated in a 
100% aqueous system the water evaporated as the temperature reached 100 °C to leave only solid 
reactants behind.  This complete evaporation of the water potentially creates a situation where the 
reactants may have limited mobility and are being dry roasted together (16, 17). When the two 
phase system was heated the water evaporated but the fat remained. The fat provided a solvent 
environment where the reactants and intermediate compounds have a degree of mobility that may 
lead to a higher rate of particular reactions and correspondingly the higher product yields that were 
seen in the results.  Figure 5.12 provides an indication of the rate of evaporation overlaid with the 
temperature profile of the system. (See chapter 8, section 8.6.2 for experimental details.) This 
temperature/time profile was the same for both the caramelisation and Maillard reaction samples.  
The Maillard reaction is directly influenced by cooking temperature (18-20) and although the 
cooking temperature was maintained at 135 °C the internal temperature of the sample being cooked 
was not necessarily the same as the applied external cooking temperature (10). The heat transfer 
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properties of the matrix determines the temperature inside the sample (9, 21) and it is expected 
that heat transfer would become more important as the sample size increases relative to the heating 
surface. Therefore for the small samples that were utilised for these experiments the temperature 
gradient across the sample it is expected that would be small.  The influence of temperature on the 
aqueous model reaction system is shown in figure 4.6, where the final compound yields were 
increased with increasing temperature. Figure 5.12 demonstrates how the internal temperature 
changed in the aqueous samples when compared to the two phase samples as the cooking time 
progressed and the water and other volatiles evaporated from the reaction matrix. After an initial 
rise in temperature to ~100 °C, the temperature plateaus until the water has evaporated from the 
system. The water from the two phase sample evaporated several minutes earlier than the 100% 
aqueous sample and therefore the temperature of the sample increased above 100 °C after a 
shorted time period. This prolonged increase in temperature leads to an increase in the rate of the 
Maillard reaction.  
 
 
Figure 5.12 Evaporation and temperature profile of the samples in different matrices (cooked at 
135 °C for 20 min with stirring). The internal temperature of aqueous samples is shown in purple 
with temperature of the two phase samples in pale blue. The corresponding evaporation of the 
aqueous samples is shown in dark blue with that of the two phase samples represented in red.  The 
two phase matrix contains canola oil. 
The time of the increase in temperature of the two phase system (figure 5.12) corresponds to the 
time at which product formation in the Maillard reaction increased (figure 5.13a). Comparatively the 
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formation of volatile compounds in the aqueous system was much slower and occurred several 
minutes later in the cooking process (figure 5.13b). 
 
 
  
 
Figure 5.13   (a) Maillard reaction time series for the two phase reaction (60% aqueous, 40% fat). 
(b) Maillard reaction time series plot for 100% aqueous reaction. 
 
 
5.6 Participation of fat in the Maillard reaction 
Although the fat was added to the reaction matrix as a structural component and changed the 
physical properties of that matrix, there was also the possibility that there were reactions occurring 
between the dicarbonyl groups of lipid oxidation products and the amines (12-14, 22).  The Maillard 
model system has an excess of amino groups that could react with the dicarbonyl groups. Such 
reactions could offer a possible explanation as to why the changes observed in the caramelisation 
reaction were smaller when fat was added, as there are no amino groups for the lipid oxidation 
products to interact with. 
The results generated when the type of fat used in the Maillard reaction system was changed from 
AMF to canola oil indicated a change in volatile compound formation and for some compounds this 
was a significant change.  Canola oil consists of a large percentage of unsaturated C18 fatty acids (8) 
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that have been studied for their impact on flavour formation in meat-like model systems (2) in which 
it was found that different degrees of unsaturation could inhibit or promote the Maillard reaction.   
Therefore a set of reaction samples were set up containing only lysine in the two phase system 
(canola oil) to investigate the potential of product formation via reaction with any lipid oxidation 
products under the standard reaction conditions.  The experiment indicated that none of the 
Maillard reaction products that were monitored were formed at detectable levels (data not shown).   
 
5.7 The partitioning effect of the two phase reaction matrix 
The changes seen in the reaction compound profiles when fat was added to the Maillard reaction, 
and to a lesser degree to the caramelisation reaction, can be attributed to the changes in the 
physical properties of the reaction matrix. The properties of the reaction matrix may have the 
capability to alter the final compound profile by changing the reactant and intermediate compound 
partitioning within the reaction matrix and therefore provide an explanation as to why the change in 
volatile compound yield was seen. 
The introduction of the hydrophobic fat phase leads to a potential partitioning effect between the 
fat phase and the water phase. The initial reactants (lactose and lysine) are water soluble. However, 
as the reaction progresses some intermediate products are less water soluble, and indeed many of 
the final volatile compounds have limited water solubility.  The partitioning of compounds between 
the aqueous and fat phases can impact the position of the equilibrium of any reaction by removing 
intermediates and/or products from the aqueous phase and into the fat phase. In particular, HMF is 
one component that has been shown to accumulate in the oil phase due to partitioning (23, 24). 
Each compound has a partition coefficient (logP value) that is dependent on its structure (4, 25). 
Most logP values are obtained by measuring the amount of a compound partitioned in a hydrophilic 
phase, normally water, versus the amount partitioned into the hydrophobic phase, usually octanol 
(4). A positive logP value indicates that the compound partitions preferentially into a lipophilic 
phase. If the value approaches zero and becomes  negative the compounds partition into the 
aqueous hydrophilic phase (4).  
Across the two reaction systems the compounds that exhibit the largest changes in yield when fat 
was added are also those compounds that have a positive (lipophilic) logP value. The reaction 
mechanisms by which the compounds of interest are formed go through several intermediates, and 
analysis of their structure indicates that they would be expected to become more lipophilic as the 
reaction progresses along the mechanistic pathway to the final product (figure 5.14).  If this is the 
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case, then the early reaction equilibrium may be driven by the intermediate products moving into 
the fat phase and pulling the equilibrium in favour of the product.  
When fat is added to the system there is a large increase in maltol formation and an insignificant 
change in hydroxymaltol formation, suggesting that more of the intermediate products are forming 
in the presence of fat and that the intermediates are then forming higher quantities of maltol 
relative to hydroxymaltol.  A hypothesised mechanism through a common intermediate is shown in 
figure 5.14 (26-28). This may be a partitioning effect due to the relative lipophilicity of maltol (logP = 
0.090) (29) when compared with hydroxymaltol (logP = -0.420) (29) altering the equilibrium between 
these two compounds. 
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Figure 5.14 Schematic of the hypothesised pathways to hydroxymaltol and maltol via a common 
intermediate (26-28).  
 
5.8 Conclusion 
The presence of fat in the Maillard and caramelisation reactions affects volatile compound 
formation. The addition of fat to the reaction matrix containing the Maillard reaction model 
reactants generated an increase in all of the volatile compounds formed. The caramelisation 
reaction exhibited a less generalised increase, and only a few compounds were increased when fat 
was added.  Since these volatile compounds indicate the potential for flavour within the system, this 
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implies that in a cooked food system fat can enhance flavour formation, and that a low fat food may 
contain fewer flavours formed during cooking. Therefore, when flavour formation during cooking is 
important to a food’s finished flavour a reduction in fat can be detrimental. 
Changing the added fat from canola oil (an unsaturated fat) to AMF (a saturated dairy fat) led to 
small changes in the final volatile compound profile for both the Maillard and caramelisation 
reactions. Relative to other influencing factors, such as the addition of fat and reaction type, the 
differences seen when the type of fat was changed from AMF to canola oil were statistically less 
significant. However, given the different flavour thresholds of the compounds, changing the type of 
fat could still generate a significant flavour difference in the final product.  Further experiments 
would be required to fully explore how the individual components of fat influence the reactions.  
The fat could be participating by regulating the temperature of the system and allowing reactants to 
maintain mobility by providing a liquid solvent environment after the water has evaporated. A 
correlation between increased reaction temperature and increased volatile compound formation 
was seen when cream and the aqueous reaction system were cooked and this could quite plausibly 
be responsible for some of the changes seen in the two phase system. 
There was no evidence of any direct reaction occurring between any lipid oxidation products and 
amino acids. However, this does not rule out the possibility of other lipid oxidation product 
involvement at some point in the complex reaction cascade leading from reagents to final volatile 
products. 
It was demonstrated that the flavours that were formed via the Maillard reaction mechanisms can 
be enhanced with the addition of fat: when a sugar based system where amino acids are not 
present, or are limited, the influence of fat was smaller. Some of the changes can be rationalised by 
considering partitioning effects between the oil and water phases. Based on these results, it can be 
concluded that the fat component of cream could have an important role in the generation of 
flavour in ghee.  Whilst on the one hand increasing amounts of focus has been placed on low fat 
foods and on the other consumers are unwilling to compromise on flavour, serious consideration has 
to be given to the role the fat plays when foods are cooked.   
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Chapter 6  The role of emulsion structure in caramelisation and Maillard 
reactions 
 
6.1 Introduction 
Many food products, in particular dairy products, are emulsions (1). Cream and butter are both 
emulsions with different structures. Cream is an oil in water emulsion (o/w) where the oil droplets 
(discrete or dispersed phase) are suspended in the water (continuous phase).  Butter is the reverse 
of this emulsion with a discrete phase of water and a continuous phase of oil to give a water in oil 
(w/o) emulsion (2).  The generation of emulsions usually requires a combination of high shear, to 
create small droplets that are resistant to gravity separation, and an emulsifier that adsorbs at the 
newly created interface, providing a barrier against coalescence and imparting long term stability (2, 
3).  
In this chapter the addition of emulsion structure to the model system is investigated. Many model 
systems in literature use a thermodynamically stable emulsion, the microemulsion (4-12). 
Microemulsions display a number of properties different from those of conventional emulsions (2), 
including spontaneous formation, optical transparency and particular sensitivity to dilution and 
thermal conditions (13). These microemulsions usually require a high level of surfactant coupled 
with a low concentration of the dispersed phase. However, reactions within these microreactors can 
lead to unique products (5, 6, 11, 12). This chapter looks at whether the introduction of an emulsion 
structure can have a similar impact to the introduction of a microemulsion. This investigation will 
allow the influence of the cream emulsion structure to be assessed. 
In a microemulsion, the extremely high surface areas and orientated surfactant layers provide many 
advantages to chemical reactions such as increased reaction rate, selective product formation, and 
lower energy input into the reaction system (4, 6-8, 11). This is particularly useful for reactions 
requiring extreme conditions, such as those involving two immiscible reactants or that contain 
compounds that are sensitive to temperature and environmental conditions (6). The phases of 
interest in microemulsions include discontinuous cubic phases that are optically isotropic, 
completely transparent and have a gel-like consistency, cubic phases that are a bicontinuous 
network of channels with a large interfacial area (12) and cubosomes (water dispersed cubic phases) 
(13).  
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Vauthy et al. (12) investigated structured fluids as microreactors for Maillard reaction chemistry.  
The reactions were carried out in aqueous, microemulsion and cubic phased reaction systems. The 
aqueous phase was 100% water, which was compared to a traditional w/o microemulsion with 
discrete and continuous phases. The cubic microemulsion is an interesting structure; it consists of 
channels of the two phases each of which is bicontinous (12).  When the reaction was carried out in 
the cubic phase there was a wider product profile along with increased product yields.  
Garti and co-workers (4, 5) studied the model Maillard reaction in depth with a w/o emulsion 
stabilised with non-ionic surfactants. They looked at sucrose ester emulsions and compared the 
results with the aqueous phase with respect to water content within the microemulsion, reactant 
ratio, pH and temperature.  With the generation of more than 200 volatile compounds (4) they 
simplified the system to use furfural rather than sugar; this limited the number of possible products.  
The results (4) showed two new compounds in the microemulsion system which were not present in 
the aqueous model.  It was hypothesised that the environment at the interface and the 
concentration of reactants there may have lowered the activation energy required for this new 
reaction pathway to be available at the temperature of the reaction.  The limiting factor for some of 
the reaction pathways is the solubilisation capacity (4) at the interfacial layer; this is unique to each 
reactant and interface interaction. A particular challenge in the use of microemulsions as 
microreactors in food systems is the difficulty in formulating a stable microemulsion using food 
grade materials, coupled with the need to use high levels of surfactant to accommodate the 
extremely high surface areas generated (5, 11). 
In emulsion-based foods, it has been shown (4, 5, 7, 9, 12) that different emulsion structures can 
lead to different reaction product profiles. It is also known that ghee from different processes and 
from different parts of the world has different flavour profiles (14-18).  Notably, the heating of 
butter or cream to make ghee generates a phase inversion of the emulsion. Phase inversions occur 
when the discrete phase and the continuous phase swap so that the discrete phase becomes 
continuous and the continuous phase becomes discrete (19).  There are mechanisms by which this 
phase inversion can take place: catastrophic and transitional. A catastrophic phase inversion occurs 
when the dispersed phase becomes increasingly larger; inversion subsequently takes place abruptly 
causing the continuous phase to become engulfed by the coalescing droplets of the discrete phase. 
A catastrophic inversion will result in coalescing of the phases. Alternatively when the inversion is 
transitional a more gradual process occurs where intermediate stages occur with different 
structures.  This process can be particularly important when an evaporation process is occurring (19) 
such as in the manufacture of ghee.  In ghee the evaporation of water is a key part of the process 
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(chapter 3, section 3.2).  In the initial stages of evaporation of water from cream the water to oil 
ratio was large, as the evaporation proceeded the ratio became increasingly smaller.  
6.2 Formation of emulsions 
The formulation of the emulsions was a crucial element of these experiments with the requirement 
to form stable emulsions with consistent droplet sizes from one emulsion to the next.  Emulsions 
were generated using canola oil (rather than AMF) as it was easier to handle due to its liquidity at 
room temperature. This removed the complication that AMF adds to the emulsions when it begins 
to crystallise below 40 °C.  
The hydrophilic lipophilic balance (HLB) of the emulsifiers provides an indication of what type of 
emulsion they are likely to form based on their structure (2). The small molecule surfactants 
commonly used as emulsifiers contain a hydrophobic group (often a long chain fatty acid) that can 
bind to the oil phase of an o/w emulsion and a hydrophilic head group that differs from emulsifier to 
emulsifier. The HLB provides an indication to the percentage contribution of the hydrophilic portion 
to the total weight of the emulsifier molecule  (20). 
Oil in water emulsions utilised Tween 60 (figure 6.1) as the emulsifier. Tween 60 (CAS 9005-67-8) is a 
polyethylene glycol sorbitan monostearate containing no unsaturated bonds and an HLB of 14.9 
making it suitable for the formation of o/w emulsions (2). The Tween 60 molecule does not include 
groups likely to participate in Maillard or caramelisation reaction (unlike proteins that can also be 
used to stabilise o/w emulsions (21)) and has good stability against processing at higher 
temperatures, it is food grade and found commercially in various products. Polyglycerol 
polyricinoleate (PGPR) (figure 6.2) was used to generate the w/o emulsion. The PGPR is food grade 
with applications in chocolate, and widely used to create exceptional stability in w/o systems due to 
its low HLB value (~4) and structure (2). 
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Figure 6.1 Polyethylene glycol sorbitan monostearate (Tween 60).  Tween 60 is a group of 
isomers with the number of OCH2CH2 groups always equal to 20. w + x+ y+ z = 20 (2).  
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Figure 6.2 (a) Polyglycercol polyricinoleate in which R is hydrogen, ricinoleate acid or 
polyricinoleate acid. (b) Ricinoleate acid (3). 
 
6.3 Impact of emulsifiers 
The addition of the emulsifiers (Tween 60 and PGPR) to the matrix allowed the two different 
emulsion structures to be formed; however, any participation of these emulsifiers in the reactions or 
any chemical influence on reaction rate needed to be assessed. This was done using control samples 
(chapter 8, section 8.7.1) in which each of the emulsifiers was heated in a two phase solution, 
without an emulsion being formed, with the reaction components lactose, lysine or both. A blank 
sample of water and canola, the two phase reaction matrix, was cooked alongside the samples. 
These results are shown in figure 6.3, where only acetic acid was detected in the PGPR, Tween 60 
and canola/water samples. The acetic acid was most likely due to the canola oil rather than any 
reactions taking place. Figure 6.4 compares the results achieved when lactose was cooked in the two 
phase matrix with the changes occurring when the emulsifiers were added to the lactose samples. 
The results of emulsifiers on lysine when cooked without lactose are shown in figure 6.5, while figure 
6.6 demonstrates the effect of emulsifiers on the Maillard model containing lactose and lysine.  
These control samples were all run with phase ratios of 60% aqueous and 40% fat as per the two 
phase experiments (chapter 8, section 8.7.1).  
 
Figure 6.3 Baseline compound measurements after the heating of PGPR (red), Tween 60 
(green) and canola/water (blue). The error bars represent the standard deviation of samples cooked 
in triplicate. 
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Figure 6.4 Influence of emulsifiers on the degradation of lactose in a two phase system: lactose 
only (red), lactose with PGPR (green) and lactose with Tween 60 (purple). The error bars represent 
the standard deviation of samples cooked in triplicate. 
The large butyrolactone peak appears to be an anomaly when compared with previous 
caramelisation (lactose) experiments run under the same conditions (figure 4.1). Without 
considering the butyrolactone result there is a trend of PGPR reducing the peak area of the 
respective compounds while the Tween 60 appears to increase this peak area. Analytical control 
samples run during method development (section 2.11) indicate that these differences are not due 
to interference with the analytical method.  
As expected none of the reaction compounds are formed when lactose is absent from the system 
(figure 6.5). A small amount of acetic acid is seen; however, this is a very small contribution to the 
overall results when compared to the results shown in figures 6.3, 6.4 and 6.6. The acetic acid was 
most likely from the canola oil. 
There were some noticeable differences in results when the Maillard reaction model had different 
emulsifiers added (figure 6.6). There was a small change in compound formation when Tween 60 
was added; however, there was a significant drop when the PGPR is added to the system.  It could 
be speculated that the emulsifiers were forming micelles and crude emulsions during cooking due to 
the stirring of the samples, which were altering the results. Any differences between the two phase 
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systems and the emulsion systems need to take the emulsifier influences into account to determine 
the overall significance of any differences on the system. 
 
Figure 6.5 Interactions between lysine and emulsifiers in a two phase system: lysine (teal), 
lysine with PGPR (orange) and lysine with Tween 60 (blue).The error bars represent the standard 
deviation of samples cooked in triplicate.  
 
Figure 6.6 Influence of the emulsifiers on the Maillard reaction model (lactose and lysine): 
lactose and lysine (teal), lactose and lysine with PGPR (orange), lactose and lysine with Tween 60 
(blue) were all cooked in triplicate using a two phase system. The error bars represent the standard 
deviation of triplicate samples. 
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6.4 Influence of emulsion structure 
The two emulsifiers were used to generate o/w and w/o emulsions as described in chapter 8, section 
8.7. These two emulsion structures generate two different distributions of the reactants (lactose and 
lysine).  In the o/w emulsion the reactants are present in the continuous phase whereas in the w/o 
emulsion, the reactants are contained within in the oil in discrete droplets of water. Due to time 
constraints on the large number of experiments required to fully explore the emulsion system the 
Maillard reaction received the most focus with repeated experiments; the caramelisation reactions 
were only carried out once with duplicate samples cooked. 
The control testing (figure 6.6) indicated that some small differences in product formation could be 
expected when the Maillard reaction was occurring between lactose and lysine in the presence of 
Tween 60. Therefore, the control sample containing Tween 60 was used to determine if there was 
any further influence (other than the presence of the Tween 60) on the Maillard reaction when the 
emulsion structure was generated through high pressure homogenisation (2). A comparison of the 
Maillard reaction occurring in a two phase system containing Tween 60 and the o/w emulsion (figure 
6.7) shows a difference in the formation of some volatile compounds being achieved when the 
reaction was occurring in an o/w emulsion structure.  
 
Figure 6.7 Maillard reaction compounds formed in the o/w emulsion (blue) compared with the 
two phase control sample containing Tween 60 (red). The error bars represent the standard 
deviation of triplicate samples. 
The o/w structure of the emulsion is the same structure that cream exhibits and ANOVA results 
(appendix C, table C7) (significance α=0.05) indicated significant differences for that 2-acetylfuran 
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(p=0.01), 2-acetylpyrrole (p=0.02) and hydroxymaltol (p=0.05) as compared with the two phase 
structure containing Tween 60 when the o/w emulsion structure was introduced. Both maltol and 
DHHF had p values that were below 0.1 but above the 0.05 significance level. These compounds all 
decreased in yield with the emulsion structure addition.  
One of the emulsion parameters altered was the droplet size (table 6.1). The parameters measured 
included the surface area weighted mean (D[3,2]) which is the average surface area (calculated) of 
the droplets, d(0.1), d(0.5) and d(0.9) represent the maximum droplet diameter that 10%, 50% and 
90% of the droplets measure respectively (22). The volume weighted mean (D[4,3]) can also be 
calculated and represents the mean volume of a droplet (22). In the case of the o/w emulsion this 
increased the surface area of oil within the emulsion as the oil droplets were made smaller through 
higher pressure processing. Cream had a measured droplet size of D[3,2] = 0.6 (averaged across two 
cream samples) and a droplet diameter range from d(0.1) = 0.2 to d(0.9) = 7.0 µm. 10% of cream 
droplets have a diameter less than or equal to 0.16 µm and 90% of the droplet diameters fall below 
7.3 µm. Using different pressure settings on the homogeniser and different speed settings on the 
ultraturrax, a range of droplet sizes were formed to explore the impact of droplet size may have on 
the reactions (figure 6.8). These droplet sizes could be replicated across different emulsions using 
the same homogeniser settings (figure 6.8); other droplet size parameters such as volume weighted 
mean and surface weight mean were also measured (table 6.1) to gauge not only the diameter of 
the droplets but also the droplet volume and surface area.  
Table 6.1 Droplet size (µm) parameters for emulsion samples (values are the average of 
duplicate samples, each measured twice) 
Sample Name D [4, 3] * D [3, 2] * d (0.1) d (0.5) d (0.9) 
Maillard homogenised  0.6 0.4 0.2 0.5 1.0 
Maillard homogenised 1.0 0.5 0.2 0.6 2.0 
Maillard UT20000  10.0 1.0 1.0 9.0 19.0 
Maillard UT20000  9.0 2.0 1.0 8.0 17.0 
Maillard UT13500  15.0 8.0 6.0 14.0 26.0 
Maillard UT13500 15.0 6.0 2.0 14.0 27.0 
Maillard UT8000  41.0 34.0 21.0 37.0 66.0 
Maillard UT8000   34.0 14.0 15.0 33.0 56.0 
*D [4, 3] - Volume weighted mean; D [3, 2] - Surface weighted mean 
Each of these emulsion samples was cooked to generate volatile compounds to explore whether the 
manipulation of droplet size could lead to a significant change in the results. The results are shown 
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in figure 6.9 and represent the average peak areas formed across the two experiments (chapter 8, 
section 8.7.2). 
Cr
ea
m
UT
80
00
UT
13
50
0
UT
20
00
0
Ho
m
og
en
ise
d
70
60
50
40
30
20
10
0
Cr
ea
m
UT
80
00
UT
13
50
0
UT
20
00
0
Ho
m
og
en
is
ed
1
d
ro
p
le
t 
m
e
a
su
re
m
e
n
ts
 
2
 
Figure 6.8 The range of droplet sizes achieved across two experiments as compared to the 
droplet sizes of cream. The bars of each box represent the d(0.1), d(0.5) and d(0.9) respectively from 
the bottom of each box up.  
 
Figure 6.9 Averaged data showing the influence of droplet size on the Maillard compounds 
formed in an oil in water emulsion structure.  Droplet sizes were generated using the ultraturrax at 
20,000 rpm (red), 13,500 rpm (green), 8,000 rpm (purple) and the homogeniser (blue). The error 
bars represent the standard deviation of triplicate samples from two experiments. 
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The addition of the emulsion structure similar to that of cream in a range of droplet sizes yielded a 
varied influence on the Maillard reaction with some significant impact (appendix C, table C8) on the 
formation of volatile compounds (figure 6.9). The smallest droplet size as generated through 
homogenisation appeared to have generated a lower level of compound formation relative to the 
larger droplet sizes. However, amongst the larger droplet sizes there were no significant differences 
in compound formation. When the compound formation for the larger droplet sizes is compared 
with that of the two phase control sample that contains the emulsifier there was no significant 
difference (figure 6.10).  This could suggest that the emulsion structure coalesced at a faster rate 
when the larger droplet sizes were used resulting in a structure similar to that of the two phase 
system during cooking.  
 
Figure 6.10 Averaged data showing the influence of droplet size on the Maillard compounds 
formed in an oil in water emulsion structure.  Droplet sizes were generated using the ultraturrax at 
20,000 rpm (red), 13,500 rpm (green), 8,000 rpm (purple), the homogeniser (blue) and the two 
phase Tween 60 control sample (light blue). The error bars represent the standard deviation of 
triplicate samples from two experiments. 
 
The impact of the addition of the emulsion structure and the different droplet sizes on the 
caramelisation reaction can be seen in figure 6.11, the droplet sizes are given in table 6.2; 
comparison with the average Maillard experiment droplet sizes are given in small italics.  
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Table 6.2 Droplet sizes (µm) for the caramelisation experiment compared to the average 
Maillard reaction droplet sizes (italics) (values are the average of duplicate samples, each measured 
twice) 
 Samples d(0.1) d(0.1) d(0.5) d(0.5) d(0.9) d(0.9) D[4,3]* D[4,3] 
UT8000 25.0 18.0 42.0 35.0 67.0 61.0 44.0 38.0 
UT13500 10.0 4.0 19.0 14.0 32.0 27.0 20.0 15.0 
UT20000 3.0 1.0 10.0 9.0 20.0 18.0 11.0 9.0 
Homogeniser 0.2 0.2 0.5 0.5 1.0 2.0 0.6 0.8 
*D [4, 3] - Volume weighted mean 
 
Figure 6.11 The impact of emulsion structure (o/w) and droplet size on the caramelisation 
reaction. The droplet sizes were generated using the ultraturrax at 20,000 rpm (red), 13,500 rpm 
(green), 8,000 rpm (purple) and the homogeniser (blue). The error bars represent the standard 
deviation of duplicate samples. 
There were some significant differences in the caramelisation reaction when the emulsion was 
designed as per cream (o/w emulsion) (appendix C, table C9) and manipulated for droplet size (table 
6.1 and 6.2) (appendix C, table C10). In the control samples (figure 6.4) an increase in compound 
formation was seen upon addition of the Tween 60 emulsifier, when the emulsion structure was 
added a further increase was seen in some compounds, namely furfuryl alcohol and acetic acid 
(figure 6.12). The significance of these increases could lead to potential flavour changes in a 
caramelisation reaction; however, this is only a small portion (~10%) of the compounds total value as 
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generated by the Maillard reaction system and so is unlikely to have any impact on flavour when the 
caramelisation reaction is occurring alongside the Maillard reaction.  
 
Figure 6.12 The impact of emulsion structure (o/w) and droplet size on the caramelisation 
reaction. The droplet sizes were generated using the ultraturrax at 20,000 rpm (red), 13,500 rpm 
(green), 8,000 rpm (purple) and the homogeniser (blue). The two phase control sample contains 
Tween 60 (light blue). The error bars represent the standard deviation of duplicate samples. 
 
 An inversion of the o/w emulsion structure to the w/o emulsion structure was predicted to 
generate a more significant change as the dynamics of evaporation and heat transfer could be 
altered by forming discrete water droplets within the oil phase. As seen previously (section 6.3) the 
addition of PGPR to form the w/o emulsion generated a drop in the formation of volatile 
compounds; when this system was homogenised to form small water droplets within the oil phase 
an increase in all compound formation was seen. These results are shown in figure 6.13. 
 There was an increase in many of the compounds formed by the Maillard reaction (figure 6.13) 
when the emulsion structure was formed to generate discrete droplets of water inside the 
continuous oil phase compared with the two phase control solution containing no emulsion 
structure. When this was compared with the results seen for an o/w emulsion and also a standard 
two phase system without emulsifiers the differences achieved can be seen (figure 6.14). 
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Figure 6.13 The Maillard reaction in a w/o emulsion (red) compared with a control solution of 
reactants and emulsifier with no emulsion structure (blue). The error bars represent the standard 
deviation of duplicate samples across two experiments. 
 
 
Figure 6.14 Comparison of the emulsion structures (o/w, blue; w/o, red) with a two phase 
sample containing no emulsion structure or emulsifiers (green). The error bars represent the 
standard deviation of duplicate samples across two experiments. 
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The comparison of results gained through the different emulsion structures (figure 6.15) indicates 
that different flavours could be formed using different emulsion structures. The w/o emulsion 
generates a higher level of many flavours compared with the o/w emulsions. However, when these 
levels are compared with the two phase system (figure 6.14) there are only some compounds that 
show an increased level of volatile compound formation: acetic acid, 2-acetylfuran and 2(5H)-
furanone. The only compound to have decreased with the introduction of the emulsion structure 
was maltol; however, with the large error present for the two phase system it was difficult to 
conclude how significant this decrease was. 
 
 
Figure 6.15 The direct comparison of the two emulsion structures influence on the Maillard 
reaction: w/o emulsion structure given in red and o/w emulsion structure given in blue. The error 
bars represent the standard deviation of duplicate samples across two experiments. 
The results for the Maillard reaction system were significantly different when the emulsion structure 
was inverted to a w/o emulsion (appendix C, table C11). However, when the caramelisation reaction 
model was put into the inverted emulsion (figures 6.16 and 6.17) few differences were seen, with 
the exception of an increase in the 2-acetylfuran and 2(5H)-furanone peaks.  The formation of 2-
acetylfuran decreased with the introduction of the w/o emulsion structure while there was an 
increase in the formation of 2(5H)-furanone (figure 6.16). 
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Figure 6.16  The caramelisation reaction in a w/o emulsion (purple) as compared to a two phase 
system containing PGPR (green). Error bars represent the standard deviation of duplicate samples. 
 
 
Figure 6.17 Direct comparison of the influence that the emulsion structure has on the 
caramelisation reaction (o/w, blue; w/o, red). Error bars represent the standard deviation of 
duplicate samples. 
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Given that there was a difference seen in the volatile compound results between the o/w emulsion 
and the w/o emulsion, a set of experiments was run to look at the changes over time in conjunction 
with the temperature and evaporation of the reaction system. Figure 6.18 shows the changes in 
volatile compounds over the 20 min cooking time, each sample was cooked for two minutes longer 
than the previous sample. Over the cooking time the observation of colour changes within the 
samples was made. The o/w samples became brown as the emulsion separated around 15-16 
minutes and continued to develop colour until the end of cooking. The final o/w samples were a 
clear oil phase with a dark brown solid cooked onto the bottom of the vial. In contrast, the w/o 
samples contained dispersed dark brown solid particles at the end of the cooking process; colour 
development started to occur from 12-14 minutes. 
  
 
Figure 6.18 (A) Maillard reaction o/w emulsion cooked in time series over two minute intervals. 
(B) Maillard reaction w/o emulsion cooked in time series over two minute intervals. 
 
  
There were two other differences that were noticed when the time series experiments were run that 
could help to explain why the difference was seen in the Maillard reaction. Past results (chapter 5) 
had shown that time and temperature, are both very important to the rate of the Maillard reaction 
and that different compounds have different rates of reaction. Figure 6.18 shows the average data 
for the temperature changes with the emulsions and figure 6.19 the rate of evaporation over the 
course of a 20 minute reaction. 
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Figure 6.19 The internal sample temperatures of the two different emulsion structures: w/o 
emulsion is given by the red line and the o/w emulsion is given by the blue line. 
There was no significant difference in temperatures within the emulsion samples although the 
measurements were difficult to make given the small amount of sample present. A larger scale 
reaction with real time monitoring of the samples could provide a more useful insight into the 
internal temperature of the samples. Likewise, the rate of evaporation (figure 6.20) across the two 
samples indicated only a small difference in overall rate and may not be significant enough to cause 
the differences seen between the two emulsion structures. Further investigation into the influence 
of evaporation rates could shed some light on the impact of these differences. 
 
Figure 6.20 The rate of evaporation for the different emulsion structures: w/o emulsion given in 
red; o/w emulsion given in blue. Error bars represent the standard deviation of triplicate samples. 
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The measurements of temperature and evaporation rate provided no measureable difference within 
the error between the two emulsion structures during cooking and are therefore unlikely to be 
sufficient enough to generate the differences seen. Changes over time of the internal emulsion 
structure along with the fundamental differences between the structures could contribute to the 
differences in results.  
To investigate the changes occurring in the emulsion structures during cooking, a microscopy 
experiment was set up to capture images (chapter 8 section 8.7.6) of the emulsion structure at 2 
minute intervals. The microscopy images (figure 6.21) provide a time stamped guide to what was 
occurring during the cooking of the emulsions. Samples of the Maillard reaction in an o/w and w/o 
emulsion were made up as per chapter 8 section 8.7.2 and cooked 0 – 20 minutes at 2 minute time 
intervals. At the end of each two minute time interval a tiny droplet of the sample was removed 
from the vial and placed on a microscope slide with a cover slip. Images were taken of the samples 
and compared to identify the changes in emulsion structure that were taking place during cooking.  
Early in the cooking process (time = 2 minutes) both emulsions have internal temperatures less than 
100 °C (figure 6.18). The w/o emulsion consists of water droplets in oil and the o/w emulsion is oil 
droplets in water. The droplets in both emulsions are coalescing. Further on in the cooking process 
as the cooking time approaches 10 minutes with both emulsions reaching internal temperatures in 
excess of 100 °C  (figure 6.18) with the w/o emulsion exhibiting a slightly higher temperature than 
the o/w emulsion. The water has mostly evaporated from the w/o emulsion, the o/w emulsion 
structure has become highly coalesced. At 12 minutes a faster rate of evaporation has occurred in 
the w/o emulsion with the o/w emulsion containing a higher % of water. Development of colour can 
clearly seen in the w/o emulsion and the structure of the o/w emulsion continues to collapse. The 
detection of volatile flavour compounds in the w/o emulsion exceeds those detected in the o/w 
emulsion. After 14 minutes of cooking time the colour development continues in the w/o emulsion 
becoming increasingly dark brown with o/w emulsion fully separated and some colour formation 
beginning.  This colour development corresponds with an increase in volatile compound formation. 
At the end of the cooking process (20 minutes) dark droplets (melanoidins) are seen suspended in 
the w/o emulsion (A) whereas the o/w emulsion (B) has no suspended particles or droplets. The 
profile of volatile compounds differs between the two emulsions. 
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Figure 6.21 Microscopy images of the structural changes occurring in w/o and o/w emulsions 
during cooking. 
 
The microscopy images show clearly the coalescing of the droplets early in the cooking process; this 
provides a possible explanation as to why the changes in droplet size did not lead to a significant 
difference for the o/w emulsion results. The colour development as discussed previously begins at 
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12 minutes for the w/o emulsion and the colour particles are visible throughout the samples until 
the end of cooking. The o/w emulsion displays no colour development until closer to 14 minutes and 
the particles are not suspended in solution so were not sampled for the microscopy. This is 
congruent with the observations of the sample vials and colour changes during the cooking process. 
The catastrophic inversion (separation) of the o/w emulsion between 8 and 12 minutes can be seen 
clearly in the microscopy images while the w/o emulsion continues to shrink the droplet sizes as the 
water evaporates and does not appear to undergo the same transitional separation as the o/w 
emulsion. A future experiment that could be interesting would be to investigate the relative 
stabilities of different emulsions and control the point at which they invert or maintain their 
structure throughout the cooking to control the Maillard reaction. 
6.5 Conclusion 
The introduction of the emulsion structure to the model reaction system led to some changes within 
the reaction systems, although not all of the changes translated into changes in volatile compound 
profiles. The interactions of emulsifiers with the reactants provided some interesting results 
although they were not the focus of this study; they were used as control samples. It could be 
hypothesised that the addition of the emulsifiers allowed micelles to form, which in turn influenced 
the partitioning of the reactants, intermediate products and final products leading to the altered 
results. In contrast when the emulsion structure was added there was little change in the o/w 
emulsion compared with the control sample and compared with the two phase samples discussed in 
chapter 5. In future experiments, the stability of the emulsion and type of emulsifier along with the 
amount of emulsifier could be altered in an effort to shift the reaction.  
The use of microemulsions as microreactors (4-6, 9-12) for the Maillard reaction led to the formation 
of higher yields of volatile compounds and different compounds forming; however, this same 
phenomenon was not seen in the emulsions based on food products under these conditions. The 
Maillard reaction exhibited significant changes in the formation of all compounds with the change in 
emulsion structure, but the caramelisation reaction only presented significant changes in the 
formation of two compounds formation when the emulsion structure was changed. The greatest 
level of change was seen when the emulsion structure was altered from an o/w structure to a w/o 
structure. The change in compound formation using the w/o emulsion structure generated a change 
in the ratio of the compounds rather than just increasing the other all level of formation as was seen 
when fat was added to the reaction (chapter 5).  The ability to generate different volatile compound 
profiles between the o/w and w/o emulsions could lead to the generation of different flavour 
profiles when applied to food design.  
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Chapter 7  Conclusion 
The understanding and ability to manipulate the Maillard reaction has the potential to alter the way 
foods are formulated for cooking. The Maillard reaction has often been to blame for undesirable 
flavours (1-4) of cooked foods, although the reaction also holds the capability to generate desirable 
flavours (5). The flavours that are formed in cooked dairy fat emulsion products such as ghee (6, 7) 
and dulce de leche (8) rely on the Maillard reaction for formation. 
While there have been studies into the formation of Maillard reaction compounds (3, 9-14) and into 
the flavour compounds present in various foods (1, 2, 4, 6, 7, 15-22) along with the impact of certain 
reaction matrix structures on model reaction systems (9, 10, 23-27), there have been fewer studies 
investigating the formation of flavour via the Maillard reaction in food (11, 12, 28-32) and how the 
structure of the food could be used to manipulate the progress of the reaction.  The focus of most 
model systems studies investigating the impact of structure on the Maillard reaction has been 
through the use of microemulsions (9, 10, 23-27), rather than emulsion structures that are 
commonly found in food. The study of emulsions has looked mainly at the influence on flavour 
release and perception (33, 34). This thesis investigated how the fat and emulsion structure of cream 
influence the generation of flavour via the Maillard and caramelisation reaction and if these 
parameters could be manipulated to alter the formation of the volatile compound profile.  
A SPME/GCMS method was developed and used to identify a range of volatile compounds in a 
commercial ghee sample and to confirm their presence in traditionally made ghee. The compounds 
exhibit a range of different flavours and are partially responsible for the flavour of ghee (along with 
fat related flavour compounds) (6, 7, 17, 18).  
The complex nature of cream made it necessary to develop a set of model reaction systems for the 
caramelisation and Maillard reaction along with a structural model system.  The model reaction 
system was based on lysine and/or lactose and led to the formation of the volatile compounds as 
identified in the ghee and cooked cream samples. The model system allowed the behaviour of the 
reactions to be compared in an aqueous system, a two phase system consisting of water and an oil 
phase and two emulsion structures: an oil in water emulsion and a water in oil emulsion. Parameters 
associated with each matrix in the structural model system were able to be explored, such as the 
influence of oil type in a two phase system and the size of oil droplets in the oil in water emulsion 
structure. It is common knowledge that time and temperature can be used to manipulate the yields 
of the Maillard reaction; however, a compromise must be reached between the intensity of the 
flavour and the balance of the desired flavour. The objective of this work was to find new ways of 
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controlling the Maillard reaction (in addition to time/temperature) that could allow higher yields to 
be achieved along with a different or more desirable balance of flavours. To validate the model it 
was important to demonstrate that the model system behaved in the same way as did cream with 
respect to time and temperature. 
The high throughput method of cooking ghee samples that was developed was applied to all cooked 
cream and model system samples, allowing for control of the time and temperature. Time and 
temperature were shown to influence the rate of reaction for the model systems and cooked 
cream/ghee.  As the temperature increased so did the yield of volatile compounds; a similar trend 
was seen as time of cooking was increased.  
Changes made to the pH of the starting materials can also provide a method for altering the 
formation of volatile compounds. Both the caramelisation and Maillard reactions responded to the 
changes in pH, giving rise to different volatile compound profiles. This confirms that the Maillard and 
caramelisation reaction are pH dependent (35-40). The manipulation of the pH of cream may be a 
viable method for the control of flavour formation in ghee if done in a manner appropriate for food.  
The most novel aspect of this work for manipulation of volatile compound formation was the 
manipulation of structure. There has been much interest in the control of the Maillard reaction 
through the use of different microemulsion structures (9, 10, 23-27, 41-43). These microemulsion 
structures have allowed the generation of new compounds and control over their formation. The 
concept of emulsion catalysis via the use of microemulsions to manipulate the Maillard reaction did 
not translate into an emulsion system. There were, however, several differences found to have been 
achieved when compounds formed in an aqueous environment were compared with the levels and 
ratios formed in a two phase system and two emulsion systems. 
The addition of fat to an aqueous reaction system to form a two phase reaction matrix consisting of 
a hydrophilic and a lipophilic layer generated some significant changes in volatile compound 
formation. The Maillard reaction results indicated a significant increase in the yield of most volatile 
compounds, while the caramelisation reaction resulted in only a few compounds increasing. This 
increase in formation indicates that the fat component of food products could be crucial not only 
because of the intrinsic flavour but also because the fat enhances the development of flavour during 
cooking. This has the implication that low-fat products could potentially generate less flavour than 
their full fat counterparts during cooking. The effect of fat on flavour has been investigated in the 
context of cheese (22, 44) and the impact on sensory properties such as texture and flavour release 
(45, 46) along with lipid oxidation products participating in the Maillard reaction (39, 47-51). 
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However, there has not been a lot of research into the role of fat as a structural component of the 
reaction matrix (52). 
Further exploration into the importance of fat in the Maillard and caramelisation reactions indicated 
that in the model system developed the fat was not participating in the reactions, but there was a 
change in physical parameters associated with the cooking such as temperature. The temperature 
was shown early on in the study to be important for the development of flavour, where a difference 
of 5-10 °C led to significant changes in the levels of various compounds.  Internal temperatures of 
food being cooked are generally lower than the applied external temperatures (53) and are related 
to the thermal properties of the food. In the case of the model matrix systems, the aqueous matrix 
did not exceed 100 °C before evaporating, leaving behind solid state products and reactants. The 
two phase system, however, contains an oil phase that does not evaporate at 100 °C but continued 
to increase in temperature over the cook time. The increase in temperature is likely a contributor to 
the progression of the reactions towards higher yields.   
There does appear to be some correlation between the increase in compounds with fat addition and 
the type of fat added to the system.  There has been some work conducted to investigate the 
influence of different fatty acid chain lengths on the Maillard reaction (39, 54). The strong ‘buttery’ 
flavour associated with milk fat compared with the mild flavour of canola oil means that differences 
in flavour formation during cooking with canola oil and milkfat are likely to be insignificant compared 
with the large flavour difference imparted by the fat before cooking starts.   
Following the addition of fat to the system and the conclusion that fat was important for the 
Maillard reaction but less so for the caramelisation reaction, the emulsion structure was introduced 
to the reaction system. The introduction of an emulsion structure required the use of emulsifiers 
including Tween 60 and PGPR, both of which are food grade and already used in food applications. 
The emulsifiers lead to some surprising results when they were added to the reactions without 
homogenisation to form the emulsions. Across both the caramelisation and Maillard reactions there 
was a small change in compound formation with the addition of Tween 60 and a significant decrease 
in formation with the addition of PGPR, which could be for a variety of reasons, such as micelle 
formation. This interaction was not explored any further and was used as a baseline for the impact 
of emulsion structure.   
The oil in water emulsion structure mimicked the emulsion structure of cream with discrete droplets 
of oil throughout the continuous water phase. Formulated with the Tween 60 emulsifier, there were 
a few compounds that demonstrated a significant decrease in formation; all other compounds 
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exhibited no significant change.  The manipulation of emulsion parameters such as droplet size for 
the oil in water emulsion did not generate any significant differences; this could be due to 
coalescence of the droplets during the cooking process prior to the initiation of the caramelisation 
and Maillard reactions. 
The inverted form of the oil in water emulsion is the water in oil emulsion where the discrete water 
droplets are trapped inside the oil phase. The use of PGPR generated a stable emulsion that led to 
increased product formation when cooked. This was an interesting development after the decrease 
in formation seen with the addition of PGPR to the two phase system. Comparison of the results 
achieved through using the o/w and w/o emulsion allowed the change in ratios to be seen. This 
change in the ratio of flavour compounds has the potential to provide a change to the final flavour of 
the product. Not only did the final levels of volatile compounds change but the time at which 
formation of the compounds began also changed. In the o/w emulsions there were no compounds 
detected until ~14 minutes; however, in the w/o emulsions product formation was increasing as 
early at 10 – 12 minutes into the cooking time. 
The ability to manipulate the flavour of ghee relies on the ability to manipulate the reactions 
(Maillard and caramelisation) that are responsible for their formation. These compounds each have 
a different taste threshold and will contribute differently to the overall product flavour based on 
this. The ability to change the volatile compound profile of a given sample may not translate to a 
change in flavour from a sensory perspective. Application of the findings in this thesis from a model 
system into ghee or other related product for sensory studies would be required to determine the 
impact of any volatile compound ratio or yield change on the flavour of the product. 
There are further avenues that could be investigated for these emulsion structures in relation to the 
stability of the emulsions. PGPR forms a highly stable emulsion, altering the stability so that the 
emulsion structure destabilises earlier with cooking and evaporation could yield a different ratio of 
volatile compounds.  
These insights into the importance of emulsion structure can be translated into food systems such as 
the cooking of ghee. The o/w emulsion system replicates the emulsion structure of cream whereas 
the w/o structure is similar to that of butter. The issue with the structure of butter for developing 
flavours in a similar manner to the w/o emulsion is the stability; as the butter heats up and melts the 
structure is lost. If butter could be structured such that there was a stable emulsion structure 
present as the fat melted to contain discrete water droplets then the flavour of the ghee generated 
would change. 
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Throughout this thesis the objective has been to understand the flavour chemistry occurring in ghee 
and the influence of emulsion structure on these reactions. Several key findings have been made 
after the successful development of the analytical method, high throughput cooking method and the 
model reaction and structure systems. The reaction model was validated against cream and both 
demonstrated temperature, time and pH dependence as expected.  The addition of fat to the matrix 
gave the largest structure effect and the emulsion structure had a minor effect. 
7.1 Future work  
There are several areas that could provide avenues towards the generation of different flavours 
through manipulation of the Maillard and caramelisation reactions. 
(1) Influence of fatty acid chain length. 
Preliminary experiments as part of this study agreed with recent work that reported different fats 
and oils could have an influence on the Maillard reaction (54). The impact of the fat and oil 
properties on flavour formation during the cooking of food could allow for the generation of 
different flavour types. Different fractions from milkfat could also be studied to identify the best 
fraction for flavour formation. 
(2) Impact of evaporation profiles from different food structures. 
There were differences seen in the evaporation profiles of each structural matrix. Further work 
would allow the investigation into the impact of the rate of evaporation on the Maillard reaction and 
how the rate of evaporation could be manipulated by altering the food structure. 
(3) Stability of emulsions and inversion of emulsions during cooking. 
The stability of the emulsion could provide an important tool for manipulating the Maillard reaction 
in milk fat emulsions. If the emulsion could be broken down or inverted at a specific time or 
temperature, this could allow different flavours to be formed by changing the emulsion structure 
during the cooking process. 
(4) Development of a method for monitoring the components of the Maillard reaction in ghee 
during the cooking process in real time. 
The ability to monitor the volatile products and intermediate compounds along with reactants and 
non-volatile compounds would offer a unique insight into the formation of flavour and allow a 
higher degree of control over the cooking process. 
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Chapter 8 Materials and Methods 
8.1 Materials 
Cream was purchased fresh on the day of use from the local supermarket with a fat content of ~40 
%. Canola oil was also purchased from a local supermarket. 
D-Lactose, L-lysine, Tween 60, sodium hydroxide, hydrochloric acid, sodium chloride, sodium 
dihydrogen phosphate and disodium hydrogen phosphate were all purchased from BDH (Poole, 
England), Merck (Frankfurt, Germany) or Sigma-Aldrich (St. Louis, MO, United States of America).  
Polyglycerol polyricinoleate/Palsgaard 4150 (Palsgaard, Denmark) was gifted by Massey University, 
Palmerston North, New Zealand. 
Anhydrous milk fat (AMF) was supplied by Fonterra Cooperative Group, New Zealand; batch 
JT16F3872.  
All water used was deionised water.  
 
8.2 Gas chromatography mass spectrometry (GCMS) 
8.2.1 Vials 
Glass Chromacol (Welwyn Garden City, Herts, UK) headspace vials (20 ml) and caps were used for all 
experiments and analysis. 
 
8.2.2 Reference sample 
The reference material used for the development of the method was Dairy Flavour 300 (DF300) 
which is a commercial ghee sample manufactured by Fonterra. The samples finished product 
number was 10-920 milk fat: batch 260195: item 12918703. It was manufactured in Stanhope 
Australia in 2010. The reference sample was a 2.0 ml sample of DF300 in a 20 ml glass headspace vial 
(8.2.1) with crimped cap. Reference samples were stored frozen (-20 °C). A new reference sample 
vial was used for each batch of analysis. 
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8.2.3 Blank sample 
The blank sample was a new empty vial as per section 8.2.1 with crimped cap in place. A new blank 
vial was used for each batch of analysis. 
 
8.2.4 GCMS sample preparation 
8.2.4.1 Externally cooked or raw samples 
The appropriate amount of the sample was added to the 20 ml headspace vial and sealed with caps 
containing an intact seal.  
Oil   2.0 ml liquid oil 
Ghee  2.0 ml liquid ghee 
If necessary, samples were warmed to melting in a standard kitchen microwave. 
 
8.2.4.2 Autosampler cooked samples 
Samples cooked in the autosampler were cooked with punched caps (section 8.4.2). These caps were 
removed and replaced with intact caps prior to analysis. 
Aqueous samples prepared in the AOC5000 (CTC Combipal, CTC Analytics, Zwingen, Switzerland) 
autosampler were matrix matched to a standard cream sample by adding 0.8 ml of oil (AMF or 
Canola oil).  
 
8.2.5 GCMS instrument setup 
All analyses used a gas chromatograph (GC) GC2010 (Shimadzu, Kyoto, Japan), coupled with a 
QP2010 (Shimadzu, Kyoto, Japan) mass spectrometer (MS). The GC column was a 30 m (length) x 
0.25 mm (internal diameter) x 0.25 µm (film thickness) EC-Wax column (Alltech Associates, 
Deerfield, IL, United States of America) with a temperature range of 40 °C – 280 °C (1, 2). The solid 
phase microextraction (SPME) was automated using the (CTC combipal) robot. The SPME fibre was a 
1 cm (length) 23 gauge PDMS-DVB (polydimethysiloxane/divinylbenzene) fibre (Supelco, Bellefonte, 
PA, USA). The glass injection liner was split liner 1 mm (internal diameter) x 5 mm (external 
diameter) x 95 mm (length) for Shimadzu GC (IP deactivated)(3).  
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The instrument was controlled using Lab Solutions, GCMS solutions software, version 2.5 (Shimadzu, 
Kyoto, Japan). Peak integration of GCMS chromatograms was also carried out using this software. 
Compound identification was carried out using the Wiley 7 spectra library as incorporated into the 
GCMS solutions software. 
 
8.2.6 Experimental GCMS conditions 
8.2.6.1  Standard testing conditions 
These are the parameters used for all GCMS method development unless otherwise stated (3).  
Extraction parameters:  Extraction temperature 60 °C 
    5 min pre incubation 
    20 min extraction onto fibre 
    2 min desorption into injection port 
 
GC parameters:   Injection temperature  220 °C 
    Carrier gas   helium 
    Flow rate control  linear velocity 
    Linear velocity   37.3 cms-1    
    Column flow rate  1.06 mlmin-1 
    Total flow   14.6 mlmin-1  
    Purge flow   3.0 mlmin-1 
 
Injection mode:   Split    1:10 ratio  
   
MS parameters:  Sampling rate   0.5 (scan) 0.2 (SIM) 
    Interface temperature  230 °C 
    Mass range   40 – 350 
    Ion source temperature  200 °C 
    EI    70 eV 
 
8.2.6.2  Column temperature gradient 
The following gradients were run during the preliminary temperature gradient determination. There 
was a 5 min hold time at 50 °C and again at 220 °C. The sample analysed was a standard DF300 
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reference sample (section 8.2.2).  All other setup for the GCMS conditions is outlined in section 
8.2.6.1. Table 8.1 details the initial gradients run and table 8.2 details the second set of iterative 
gradients. The final temperature gradient is detailed in table 8.3. 
 
 Table 8.1:  Initial temperature gradients  
Gradient (°Cmin-1) Start temperature (°C) Finish temperature (°C) Time* (min) 
1 50 220 180 
2 50 220 95 
3 50 220 67 
4 50 220 53 
5 50 220 44 
6 50 220 39 
*Hold time has been rounded up to the nearest whole minute. 
 
Table 8.2:   Second set of iterative temperature gradients 
Gradient (°Cmin-1) Start temperature (°C) Finish temperature (°C) Time* (min) 
3 50 220 67 
3.25 50 220 63 
3.5 50 220 59 
3.75 50 220 56 
4 50 220 53 
*Hold time has been rounded to the nearest whole minute. 
Table 8.3:  Final temperature profile of GC column  
Initial temperature 
(°C) 
Final Temperature (°C) Rate of change (°Cmin-
1) 
Hold time* (min) 
50 50 0 2 
50 95 6 0 
95 95 0 5 
95 150 3.25 0 
150 170 1 0 
170 220 4 0 
220 220 0 2 
*Hold time has been rounded up to the nearest whole minute. 
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8.2.6.3  Injection split ratio 
There were three split ratio conditions that were tested to determine optimum conditions; 1:10, 
1:100 and splitless injection.  Other GCMS conditions are set out in section 8.3.6.1. The test sample 
was the standard DF300 sample. 
8.2.6.4    SPME Extraction time 
The time of extraction was tested at 10, 20 and 30 min. Extraction temperature was 60 °C; other 
conditions are set out in section 8.3.6.1. The test sample was the standard DF300 sample. 
8.2.6.5  SPME Extraction temperature 
Extraction temperatures trialled were 50 °C, 60 °C and 70 °C. Extraction time was 20 min; other 
conditions are set out in section 8.3.6.1. The test sample was the standard DF300 sample.  
 
8.2.7 Optimised GCMS method  
GC setup 
Injection temperature  220 °C   
Injection mode   split 1:10 ratio 
Column start temperature 50 °C 
Column end temperature 220 °C 
Column temperature gradient table 8.3 
Carrier gas   helium 
Flow rate control  linear velocity 
Linear velocity   37.3 cms-1    
Column flow rate  1.06 mlmin-1 
Total flow   14.6 mlmin-1 
Purge flow   3.0 mlmin-1 
Mass spectrometer parameters 
Sampling rate   0.5 (scan) 0.2 (SIM) 
Interface temperature  230 °C 
Mass range   40 – 350 
Ion source temperature  200 °C 
EI    70 eV 
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Optimised SPME method  
Extraction temperature  60 °C 
pre-incubation   5 min 
Extraction time   20 min 
Desorption time  2 min 
 
8.2.8 Matrix interferences 
Analysis of each of the potential matrix interference (4, 5) was carried out on 2.00 ml subsamples. 
The DF300 was warmed to a liquid state using a standard kitchen microwave.  
8.2.8.1  Fat type 
A set of aqueous caramelisation and Maillard reaction samples (section 8.5) were cooked (section 
8.4.2).  Half of the caramelisation and Maillard reaction samples were analysed with canola oil and 
the other half with AMF.  
8.2.8.2  PGPR 
PGPR (0.75 g or 1.5 g) was added to 50 ml liquid DF300 and mixed thoroughly.  
8.2.8.3  Tween 60 
Tween 60 (0.75 g or 1.5 g) was added to 50 ml liquid DF300 and mixed thoroughly. 
8.2.8.4   Sodium chloride 
Sodium chloride (2.5 g or 5.0 g) was added to 50 ml liquid DF300 and mixed thoroughly.  
8.2.8.5  Phosphate buffer 
Sodium dihydrogen phosphate (0.45 g or 0.90 g) and disodium hydrogen phosphate (0.35 g or 0.70 
g) were added to 50 ml of liquid DF300 and mixed thoroughly.  
 
8.3 General methods 
8.3.1 pH measurement 
8.3.1.1  Aqueous phase 
Aqueous phase pH measurements were made using a Jenway 3510 pH meter (Bibby Scientific 
Limited, Staffordshire, UK). Calibrations were carried out using pH 4 and pH 7 standards purchased 
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from Merck (Frankfurt, Germany) and BDH (Poole, England). All pH adjustments were made ± 0.2 pH 
units. Measurement of pH was carried out between 18 and 22 °C. 
8.3.1.2  Cooked samples 
The pH of samples was measured after cooking by adding 2 ml of DI water and shaking to mix. The 
pH was measured using Merck pH strips 0-14 (Frankfurt, Germany). Measurement of pH was carried 
out between 18 and 22 °C. 
 
8.3.2  Temperature measurement 
Temperature measurements were made using a Fischer Scientific (Waltham, MA, United States of 
America) traceable thermometer. The probe was inserted into the top of the GC vial and the 
temperature taken once the temperature had stabilised. The thermometer was suitable for 
temperature measurements from -50 to + 300 °C. 
 
8.3.3  Statistical analysis 
Statistical analysis was carried out using Minitab statistical software, version 16 (State College, PA, 
United States of America) (6, 7). 
 
8.4 Ghee  
8.4.1 Wok procedures 
The methods detailed in section 8.4.1 were all cooked in a non-stick Teflon wok (30 cm) on a 
conventional stove top element. The element was set to temperature mark 4 and stirring was 
conducted with a non-stick spatula. Stirring was intermittent to prevent sticking of the ghee. The 
end point was reached when the water had evaporated to leave an oil (ghee) and dark brown solids 
(melanoidins).  The wok was removed from the heat to cool (~ 2-5 min or <60 °C) and the solids 
filtered off using a coarse paper towel (3). Each method (8.4.1.1 – 8.4.1.3) was carried out in 
triplicate. Each replicate was made on a different day using fresh cream. The wok methods are based 
on traditional ghee methods (8, 9). 
8.4.1.1  Direct cream 
Cream (200 g) was allowed to reach ambient temperature (~18-20 °C) before adding to the wok and 
heating to form ghee using the method detailed in section 8.4.1. 
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8.4.1.2  Cream butter 
Cream (200 g) was churned to butter using a household food processor. Cream was churned until 
the butter formed a solid mass (~130-135 g) and the excess buttermilk (~60-65 g) was discarded. The 
butter was transferred to the wok and heated to form ghee using the method detailed in section 
8.4.1. 
8.4.1.3  Butter/buttermilk 
Cream (200 g) was churned to butter using a household food processor. Cream was churned until 
the butter formed a solid mass (~130-135 g) with excess buttermilk (~60-65 g). The butter and 
buttermilk were transferred to the wok and heated to form ghee using the method detailed in 
section 8.4.1. 
 
8.4.2  GC autosampler procedures 
The autosampler on the GC was programmed to cook the ghee samples. The autosampler settings 
were: temperature, 135 °C; time, 20 minutes; stirring, 500 Hz. The cooking vessel was the headspace 
vial (section 8.2.1) with a hole punched in the cap seal. All vials had a glass bead added to improve 
stirring and ensure consistent results. All sample weights are ± 0.1 g. The samples were not filtered 
prior to analysis.  
8.4.2.1  Direct cream 
Cream (2 g) was weighed into 6 headspace vials.  
8.4.2.2  Cream butter 
Cream (100 g) was churned into ~ 60 g butter as per section 8.8.1.2 (~40 g buttermilk was retained 
for section 8.8.2.4). Butter (1.3 g) was weighed into 6 headspace vials. The weight of butter was 
based on measurements from the large scale ghee batch (section 8.8.2.2). 
8.4.2.3  Butter/Buttermilk 
Cream (100 g) was churned into ~ 60 g butter with ~40 g buttermilk as per section 8.8.1.3. Butter 
(1.3 g) and buttermilk (0.6 g) was weighed into 6 headspace vials. The weight of butter and 
buttermilk was based on measurements from the large scale ghee batch (section 8.8.2.3). 
8.4.2.4  Buttermilk 
Buttermilk (discarded from 8.8.2.2) was weighed (1.2 g) into 6 headspace vials. The amount was 
calculated from 60% aqueous volume in cream with 40% fat volume therefore each 2 g of cream was 
equivalent to ~1.2 g aqueous buttermilk. 
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8.4.3 Influence of time and temperature 
Cream (2.00 ml) was cooked in triplicate. The cook times incrementally increased in 2 minute 
intervals, starting at 10 minute cooking time and cumulating in a maximum time length of 20 
minutes. The experimental temperatures started at 110 °C increasing to a maximum temperature of 
135 °C and covered a range of cooking times.  The temperature of the sample was measured using a 
temperature probe in the final minute of cooking. At each of the experimental temperatures 
triplicate samples of cream were cooked (sample preparation detailed in section 8.8.2.1) at each of 
the time intervals. The time/temperature experiments were split into two sets. 
Experimental set 1 of time/temperature experiments consisted of samples cooked at 110, 120, 125 
and 135 °C for 10, 12, 14, 16, 18 and 20 minutes. 
Experimental set 2 of time/temperature experiments using smaller temperature differences based 
on the accuracy of the agitator temperature settings. The same cooking times were used as for 
experimental set 1 with temperatures of 132, 134, 135, 136 and 138 °C. 
 
8.5 Aqueous experimental model system  
The model samples were cooked using the parameters in section 8.4.2 unless otherwise stated.  A 
sample size of 2 ml was used for all samples.  
All sample solutions were made up fresh on the day of cooking. The aqueous phase of all samples 
was pH adjusted to pH 7 using dilute sodium hydroxide unless otherwise stated.  The two model 
reaction systems used were the caramelisation reaction (10, 11) and Maillard reaction (12, 13) as set 
out in table 8.4 unless otherwise stated. The concentrations are the total concentration of the 
system. All weights were ± 0.1 g.  
Table 8.4 Total reactant concentration for each model system (14) 
Reaction system Lactose (% w/w) Lysine (% w/w) 
Caramelisation 3 0 
Maillard 3 2 
 
Caramelisation model samples were made by dissolving 3.0 g of lactose (Fonterra product bulletin, 
appendix B) in water (total sample weight 100.0 g) at ambient temperature.  
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Maillard model samples were made by dissolving 3.0 g of lactose and 2.0 g of lysine (Fonterra 
product bulletin) in water (total sample weight 100.0 g) at ambient temperature.  
Cooking was carried out using a 2.0 ml sample.  
 
8.5.1 Influence of time and temperature 
The time and temperature influence were assessed using samples set up as per 8.5.1 cooked using 
the time and temperature data set out in table 8.5 (3, 15-19). 
Table 8.5 Time and temperature validation of Maillard and caramelisation reaction samples. 
Reaction Temperature (°C) Time (min) 
Maillard 135 10 
Maillard 135 15 
Maillard 135 20 
Maillard 125 20 
Caramelisation 135 10 
Caramelisation 135 15 
Caramelisation 135 20 
Caramelisation 125 20 
 
8.5.2  Changes in pH over time (20, 21) 
8.5.2.1  pH changes in cream during cooking 
The pH of cream was measured as per section 8.3.1.2. The pH of cream was measured for a series of 
2.0 ml cream samples that were cooked for different lengths of time. Each sample was cooked for 2 
minutes and 30 seconds longer than the previous sample. The time series ran from time = 0 to time 
= 20 minutes at intervals of 2 minutes and 30 seconds. All other cooking conditions were as set out 
in section 8.4.2. 
8.5.2.2  pH changes in the Maillard reaction during cooking 
The pH of the Maillard reaction was measured as per section 8.3.1.2. The pH was measured for a 
series of 2.0 ml Maillard model reaction samples (the 2.0 ml samples were taken from a 100 ml 
solution made up as per section 8.6) that were cooked for different lengths of time. Each sample was 
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cooked for 2 minutes longer than the previous sample. The time series ran from time = 0 to time = 
20 minutes at intervals of 2 minutes. All other cooking conditions were as set out in section 8.4.2. 
 
8.5.3 The influence of pH on the Maillard and caramelisation reactions (15, 17, 18, 22) 
The pH of samples was adjusted using HCl (0.5 M) or NaOH (0.1 M). 
8.5.3.1  Influence of pH of cream 
The pH of cream (25 ml) was adjusted as set out in table 8.6.  
Table 8.6  pH adjustment of cream 
pH Adjusted with 
 3 HCl 
 5 HCl 
 7 None required 
9 NaOH 
 11 NaOH 
  
8.5.3.2  Influence of pH on the caramelisation and Maillard reaction 
The pH of aqueous caramelisation or Maillard reaction model (100 ml, section 8.5) was adjusted as 
set out in table 8.7. 
Table 8.7 pH adjustment of caramelisation and Maillard model system 
pH Adjusted with 
3 HCl 
5 None required 
7 NaOH 
9 NaOH 
11 NaOH 
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8.5.4 Effect of phosphate buffer  
Maillard and caramelisation reaction samples were made up as per section 8.5 with the addition of 
phosphate buffer (0.2 M, pH 7) (23) prior to making the samples up to weight (100.0 g) with water. 
Sodium dihydrogen phosphate  0.90 g 
Disodium hydrogen phosphate  0.70 g 
 
8.5.5 Effect of sodium chloride 
Maillard and caramelisation reaction samples were made up as per section 8.5 with the addition of 
sodium chloride (5%) (24) prior to making the samples up to weight (100.0 g) with water. 
Sodium chloride 5.0 g 
 
8.6 The addition of fat to the aqueous model system 
The ratio for the two phase system was 60% aqueous and 40% fat measured volume for volume 
(Fonterra product bulletin, appendix B). The concentration of the aqueous phase was increased to 
adjust for the 60% volume to maintain the concentration as per table 8.4.  
Caramelisation model samples were made using an aqueous phase consisting of 5.0 g lactose 
dissolved in water (total sample weight 100.0 g).  
Maillard model systems were made using an aqueous phase consisting of 5.0 g lactose and 3.30 g 
lysine dissolved in water (total sample weight 100.0 g). 
To achieve a two phase system for cooking 1.2 ml of the aqueous phase was added to a headspace 
vial along with 0.8 ml of fat (canola oil or AMF (25)). 
 
8.6.1 Effect of aqueous concentration 
100% aqueous caramelisation and Maillard reaction samples were made up as per section 8.5 and 
cooked using a 2.0 ml subsample. Samples were cooked as per section 8.4.2. 
The aqueous phase of a two phase sample for caramelisation and Maillard reactions were made up 
as per section 8.6 and cooked using a 1.2 ml subsample.  Samples were cooked as per section 8.4.2. 
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8.6.2 Time series, temperature and evaporation profile 
Aqueous Maillard samples were made up as per section 8.5 and two phase samples were made up 
as per section 8.6. The fat used for the two phase samples was canola oil. The vials were weighed to 
4 decimal places before samples were added. The vial and samples were weighed again before being 
capped for cooking. Samples were weighed after cooking once samples were cool and vial caps were 
removed. 
Samples were cooked for times between 0 and 20 minutes at 2 minute time intervals.  
Evaporation of water was calculated using average weights from triplicate cooked samples at each 
time point. Temperature was measured as per section 8.3.2. 
These samples were analysed using GCMS to monitor compound formation.  
 
8.6.3 Participation of fat in the Maillard reaction 
A sample was made up as per section 8.6 with the omission of lactose. The fat used for the 
experiment was canola oil.  
 
8.7 The influence of emulsion structure (26-30) 
Emulsions were made with a total volume of 500 ml to be suitable for the homogeniser.  The 
aqueous phase contained 15.0 g lactose and 10.0 g lysine made up with water to 300 g for 60:40 
emulsions and 250 g for 50:50 emulsions. The aqueous phase was adjusted to pH 7 with sodium 
hydroxide (0.5 M). 
Emulsifier concentration was 1.50% (w/v) of the total emulsion volume. Tween 60 was added to the 
aqueous phase and the PGPR to the fat phase. Both phases are equilibrated to 50 °C before 
homogenisation.  
8.7.1 Emulsifier control samples  
Each aqueous phase in table 8.8 was made up to 50 g with water. Samples were made for cooking by 
taking 1.2 ml of the appropriate control sample aqueous phase and adding 0.8 ml of the appropriate 
fat phase.  
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Table 8.8 The control samples for the influence of emulsifiers. 
Control sample Lactose (g) Lysine (g) Tween 60 (g) Aqueous phase (g)  Fat phase   
Lactose 2.50 0 0 50  Canola oil  
Lysine 0 1.65 0 50  Canola oil  
Lactose + lysine 2.50 1.65 0 50  Canola oil  
Tween 60 0 0 1.25 50  Canola oil  
Lactose + Tween 60 2.50 0 1.25 50  Canola oil  
Lysine + Tween 60 0 1.65 1.25 50  Canola oil  
Lactose + lysine + Tween 60 2.50 1.65 1.25 50  Canola oil  
PGPR 0 0 0 50  1.25 g PGPR + 50 ml canola oil 
Lactose + PGPR 2.50 0 0 50  1.25 g PGPR + 50 ml canola oil 
Lysine + PGPR 0 1.65 0 50  1.25 g PGPR + 50 ml canola oil 
Lactose + lysine + PGPR 2.50 1.65 0 50  1.25 g PGPR + 50 ml canola oil 
    
8.7.2 o/w emulsion (influence of emulsion structure and droplet size) 
The ratio of the phases for the emulsion system was 60% aqueous and 40% fat measured volume for 
volume. The contents and weights for the aqueous phase for each reaction model are set out in 
table 8.9.  
 
Table 8.9 Aqueous phase content for a 60:40 o/w emulsion 
Aqueous phase components Reaction model 
(g) Caramelisation  Maillard  
Lactose  15.0 15.0 
Lysine  0.0 10.0 
Tween 60  7.5 7.5 
Total weight with water  300.0 300.0 
 
After temperature equilibration (50 °C) the emulsion structure was formed by pre-homogenising the 
emulsion using the ultraturrax. The aqueous phase was mixed at 8500 rpm while the oil phase was 
slowly added over 30 seconds. The emulsion was then homogenised using a two stage homogeniser. 
Different sized droplets were formed using different ultraturrax and homogeniser settings (table 
8.10). The emulsion was sampled for cooking and particle size measurements after each stage of 
homogenisation.  
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Table 8.10 Stages of homogenisation 
Stage Method                Duration      Speed/pressure 
Stage 1 Ultraturrax           2 min              8500 rpm 
Stage 2 Ultraturrax           2 min             13500 rpm 
Stage 3 Ultraturrax           2 min             20500 rpm 
Stage 4 Homogeniser       2 passes        500 psi (first stage) 50 psi (second stage) 
 
8.7.3 Droplet size measurement  
The droplet size of emulsions made in section 2.8.2.1 was measured using the Malvern Mastersizer 
2000. The method used was adapted from Srinivasan et al (31) using a relative refractive index (N) of 
1.095. The ratio of the refractive index of the fat droplet (1.46) to the continuous water phase (1.33). 
An absorbance value of 0.001 was used.  
The droplet size of o/w emulsions was measured using this method. The droplet size of w/o 
emulsions was not measured because the instrument was not set up for these measurements. 
 
8.7.4 o/w versus w/o (influence of emulsion type) 
The aqueous phases (table 8.11) for the emulsions were made up as per table 2.9 and equilibrated at 
50 °C along with the corresponding oil phases (table 8.12).  These phases were used in a 1 to 1 ratio 
to generate the appropriate emulsion. 
Table 8.11 Phase contents for 50:50 emulsions (Maillard reaction) 
Aqueous phase components (g) Oil in water emulsion Water in oil emulsion 
Lactose  15 15 
Lysine  10 10 
Tween 60  7.5 0 
Total weight with water  250 250 
 
Table 8.12 Oil phase for 50:50 emulsions (Maillard reaction) 
Phase Oil in water emulsion Water in oil emulsion 
PGPR (g) 0 7.5 
Total weight (g) 250 250 
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After temperature equilibration the emulsion structure was formed by pre-homogenising the 
emulsion using the ultraturrax. The o/w emulsion was formed by mixing the aqueous phase at 8500 
rpm while the oil phase was slowly added over 30 seconds. The emulsion was then homogenised 
using a two stage homogeniser (500 psi/50 psi). The w/o emulsion was formed by mixing the oil 
phase at 8500 rpm while the aqueous phase was slowly added over 30 seconds. The emulsion was 
then homogenised using a two stage homogeniser (500 psi/50 psi). 
 
8.7.5 Time series, temperature and evaporation experiments 
Emulsions were made up as per section 8.7.4. The vials were weighed to 4 decimal places before 
samples were added. The vial and samples were weighed again before being capped for cooking. 
Samples were weighed after cooking once samples were cool and vial caps were removed. Samples 
were cooked for times between 0 and 20 minutes at 2 minute time intervals.  
Evaporation of water was calculated using average weights from triplicate cooked samples at each 
time point. Temperature was measured as per section 8.3.2. 
These samples were analysed using GCMS to monitor compound formation.  
 
8.7.6 Microscopy 
Microscopy of the emulsion structure (32) was carried out using an Olympus BX60 light microscope 
(Tokyo, Japan). Samples were prepared using samples cooked in time series as per section 8.7.2. A 
droplet of the emulsion was placed on a glass slide and covered with a coverslip. Photos of the 
emulsions were taken at 80 x magnification.  
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Appendix A 
This appendix contains hypothesised mechanisms for the formation of some of the compounds of 
interest for both the Maillard and caramelisation reactions. Structures for each formed compound 
can be found in table 2.2 or the respective mechanisms. 
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A2 Maillard reaction 
H
HC
OH
HO H
H O-gal
H OH
CH2OH
H
CH
OH
HO H
H O-gal
H OH
CH2OH
CH2
O
HO H
H O-gal
H OH
CH2OH
     Lactose
open ring form +
Lysine group
of protein
Imine
Amadori  product
(lactulosylysine)
+
     Lactose
closed ring form
O
O
O
HO
OH
HO
OH
HO
OH OH
OH
O
H2N
O
R
OH
N
R
O
OH
NH
R
O
OH
 
The initial stages of the Maillard reaction, lactose reacts with the N-terminal of the lysine. This is an 
alternate mechanism to that shown in figure 1.1 where the lactose reacts with the lysine residue. For 
most compounds the Maillard reaction mechanisms can occur via both the lysine residue and the N-
terminal. However, mechanisms occurring via the Strecker degradation such as 2-acetylfuran can 
only occur when the N-terminal of the amino acid reactions with the lactose.The Amadori compound 
can then react via a 1,2-enolisation pathway or 2,3- enolisation pathway to form the compounds of 
interest (table 2.2). 
A2.1 1,2-Enolisation reaction pathway from the Amadori product 
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2.2 2,3-Enolisation reaction pathway from the Amadori compound
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A3 Acetic Acid 
 
Retro-Claisen condensation reaction 
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A5 2-Acetylfuran 
 
The caramelisation reaction mechanism occurs via a disproportionation reaction. This mechanism 
can only happen using glucose or galactose. Lactose is unable to participate in the 
disproportionation reaction because the presence of galactose at C4.  
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A6 Butyrolactone 
OH
H O
O
H Ogal
OHH
CH2OH
H+
OH
O
H
OHH
CH2OH
Ogal
H H
O
H
H+
CH2OH
O
OgalH
OHH
CH2OH
O
O
HO H
H Ogal
OHH
CH2OH
CH2OH CH2OH
O
Ogal
OH2H
CH2OH
H
CH2OH
O
Ogal
H
CH2OH
H+
CH2OH
O
Ogal
HH
CH2OH
H2O
CH2OH
O
OHgal
HH
CH2OH
HO
C
O
O
HH
CH2OH
OH
O
HH
CH2OH
O
H
H2O H+
OH
O
HH
CH2OH
O
H
OH
OH
HH
CH2OH
H
H
H
O
OH
H+
O
OH
HH
CH2OH
H
H
O
OH2
H
OH
O O
H+
H
H
H
H
H
H
Butyrolactone
O
+
H+
+
HC
OH
O
HH
CH2OH
Lactulose
      A1
2,3-Enolisation pathway
    Maillard reaction
              A2.2
HH
HO OHO
H
H
H+
HC
OH
O
HH
CH2OH
OH
H+
 
177 | P a g e   A n g e l a  E .  N e w t o n  
 
A7 Furfuryl alcohol 
O
HO H
H Ogal
OHH
CH2OH
CH2OH CH2OH
O
O
H
OHH
CH2OH
O
O
H
OHH
CH2OH
H
OH
O
H
OHH
CH2OH
H
OH
H
H
OH
H+
H+
H
H
OH
O
H
OHH
CH2OH
H
OH
OH
O
H
OHH
CH2OH
H
H
OH
OH
OH
O
H
OHH
CH2OH
H
H OH
O
H H
H
H+
H
O
H H
OHH
CH2OH
H
H
OH
O
OH
OH2
HO
O
OH
HO H
O
H2O
OH
O
+
OH
H
O
OH
H
H
H
H2O
Lactulose
      A1
Furfuryl alcohol
H
1,2-Enolisation pathway
     Maillard reaction
                A2.1
 
A8 2(5H)-Furanone and Dihydro-4-hydroxy-2(3H)-furanone (DHHF) 
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A9 Maltol 
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A10  Hydroxymaltol 
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A 11 HMF 
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Appendix B 
 
This appendix contains the following Fonterra bulletins: 
 
Anhydrous Milk Fat       PB. 102  V. 2.0712 
Liquid Cream        PB. 265  V. 1.0511 
Typical Amino Acid Profile: Whey Protein Isolate 895   NB. 071  V. 1.0511 
 Anhydrous Milkfat 
Regular Grade 
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Anhydrous Milkfat (regular grade) from Fonterra gives a natural dairy flavour and 
creaminess to finished products and is the perfect high quality fat ingredient. 
Anhydrous Milkfat (regular grade) is pure milkfat, derived exclusively from milk 
and/or products obtained from milk (may include mixtures of cream, butter or whey 
cream). It has excellent natural keeping qualities. Anhydrous Milkfat (regular grade) 
is virtually free of moisture and contains no chemical additives, preservatives, 
flavours, foreign fats or other impurities.  
 
Product Characteristics 
 99.9% pure milkfat made from 100% pure cream. 
 Imparts good dairy flavour to product. 
 Anhydrous Milkfat (Regular Grade) is full of natural 
goodness – it contains no additives. 
 Is produced in a sophisticated processing plant to 
ensure product consistency. 
 Good shelf life in high quality packaging. 
Suggested Uses 
 Frying, grilling, roasting 
 Sauces 
 Recombined dairy products 
 Ice cream 
 Processed cheese 
 Confectionery 
Packaging 
A round closed-head drum, lined with food grade resin 
and headspace filled with nitrogen.   
Net Weight 210 kg 
Gross Weight  226.8 kg 
Cubic measure – per drum 0.255 m 
 
 Storage and Handling 
Anhydrous Milkfat (regular grade) may be transported 
and stored without refrigeration. However, the storage 
life will depend on the storage temperature.  To 
maintain quality, it is recommended the product is 
stored in a cool dry area away from direct sunlight. 
Provided the seal is unbroken and the above storage 
conditions are followed, the milkfat will be suitable as a 
dairy ingredient for at least 12 months after the date of 
manufacture. 
Typical Compositional Analysis 
The analysis results listed in this product bulletin are 
typical. Refer to the selling specification for minimum & 
maximum limits by parameter.  
Fat (g/100g) 99.9 
Moisture (g/100g) <0.1 
Typical Mineral Analysis 
Iron (mg/kg) <0.2 
Copper (mg/kg) <0.05 
Sodium (mg/100g) <1 
Potassium (mg/100g) <1 
Calcium (mg/100g) <1 
Typical Chemical Analysis 
Free fatty acids as Oleic acid  (%m/m) 0.2 
Peroxide Value (meq O2/kg) 0.2 
Iodine value 29 - 39 
Reichert Meissl value 22.4 – 31.8 
Polenske value 1.5 – 3.4 
Kirchner value 17 - 27 
Saponification value  225 - 235 
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Typical Fatty Acid Composition 
(g/100g) Fatty Acid Min% Max % 
Butyric C4:0 2.7 4.5 
Caproic C6:0 1.8 2.7 
Caprylic C8:0 1.0 1.7 
Capric C10:0 2.2 3.9 
Lauric C12:0 2.5 4.5 
Myristic C14:0 9.1 13.1 
Myristoleic C14:1 0.5 1.2 
Palmitic C16:0 23.6 33.3 
Palmitoleic C16:1 0.7 2.3 
Stearic C18:0 9.1 14.6 
Oleic C18:1 18.3 29.6 
Linoleic C18:2 0.8 1.7 
Linolenic C18:3 0.8 2.0 
Arachidic C20:0 0.05 0.3 
Density (Typical Seasonal Range) 
10°C (kg/dm
3
) 0.935 - 0.956 
20°C (kg/dm
3
) 0.922 - 0.942 
30°C (kg/dm
3
) 0.909 - 0.925 
40°C (kg/dm
3
) 0.900 - 0.912 
50°C (kg/dm
3
) 0.893 - 0.902 
60°C (kg/dm
3
) 0.888 - 0.893 
70°C (kg/dm
3
) 0.885 - 0.888 
Solid Fat Content 
Temperature Mean Typical Range 
0°C 66.9 58.5 – 70.5 
5° 63.3 55.0 – 67.1 
10°C   56.4 48.5 – 60.9 
15°C 41.0 33.5 – 46.6 
20°C 22.5 17.1 – 27.8 
25°C 12.4 8.4 – 14.7 
30°C 5.9 3.8 – 7.8 
35°C 1.0 0.0 – 1.9 
 
 Typical Nutritional Analysis 
Energy (kJ/100g) 3700 
 Calories (kcal/100g) 880 
Total Fat (Milkfat) (g/100g) 99.9 
Moisture (g/100g) <0.1 
Protein (g/100g) <0.01 
Carbohydrate (g/100g) <0.01 
Sugars (Lactose) (g/100g) <0.01 
Dietary Fibre (g/100g) Nil 
Cholesterol (mg/100g) 240 
Fatty Acids (g/100g Product) 
Saturated fatty acids 60.2 
Total Unsaturated fatty acids 22.6 
 Mono unsaturated fatty acids 20.6 
 Poly unsaturated fatty acids 2.1 
Trans
1
 fatty acids
2
 4.9 
1
 Methylene interrupted trans   . 
2
 Please refer to individual country regulations for trans 
fatty acid labelling requirements 
Vitamins 
Vitamin A (mg retinol/100g) 1.0 
Vitamin A potency (IU/g) (retinol +  carotene) 35 - 50 
Vitamin D (mg/100g) Trace 
Vitamin E (mg/100g) 3.8 
Vitamin C (mg/100g) <0.1 
Typical Physical Properties 
Melting Point (Mettler) 31 - 34°C 
Refractive Index 1.4534 - 1.4549 
Specific Heat at 40°C  (kJ/kg) 2.1 
Solubility of water in AMF (40°C) 0.20 
Viscosity at 40°C (mPa.s) 31 
Viscosity at 50°C (mPa.s) 22 
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Typical Microbiological Analysis 
Aerobic Plate Count (cfu/g) <100 
Listeria (/25g) Absent 
Salmonella (/250g) Absent 
Refer to individual Fonterra product selling specification 
for specific microbiological limits. 
Quality Assurance 
Strict quality control procedures are enforced during 
manufacture.  The manufacturing environment is also 
subject to regular monitoring and control. 
Product is pasteurised. 
Final product is sampled and tested for chemical, 
sensory and microbial parameters using internationally 
recognised procedures. 
During storage and shipment, precautions are taken to 
ensure that the product quality is maintained.  Each 
package is identified enabling traceback. 
Compliance 
 Meets CODEX requirements for Anhydrous Milkfat. 
http://www.codexalimentarius.net/web/index_en.jsp 
 Meets Halal requirements. 
Suggested Labelling 
Anhydrous Milkfat or AMF 
Allergens: Contains Milk and Dairy products 
Country regulations for product labelling vary. Fonterra 
advises customers that they need to check local 
regulations to determine the correct labelling of this 
ingredient 
 
 
 
 
 
Liquid Cream 
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This bulletin applies to both Pasteurised and Unpasteurised Bulk Liquid Cream. 
Please refer to individual product selling specification. 
Product Characteristics 
 100% fresh cream. 
 Natural rich flavour imparts premium fresh dairy 
flavour to product. 
 High in fat. 
Suggested Uses 
 Bulk Liquid Cream is suitable for use in the 
manufacture of fresh liquid products where a high 
fat content is required. 
 Ice Cream. 
Packaging 
Delivered in 25000 kg Tankers. 
Storage and Handling 
Tankers are filled at less than 11°C.  Note: Milkfat will 
crystallize with time after cooling.  The process of fat 
crystallization results in “Heat of Crystallization” being 
given off.  This will result in a rise of temperature of the 
cream during storage and distribution. 
Cream should be delivered at 14°C or less. 
Typical Compositional Analysis 
The analysis results listed in this product bulletin are 
typical as measured on an “as is” basis. Refer to the 
selling specification for minimum & maximum limits by 
parameter. 
Milk Solids Not Fat  4.5% 
Moisture 54.0% 
Fat 41.5% 
 Typical Nutritional Analysis 
Energy (kJ/100g) 1612 
 Calories (kcal/100g) 384 
Protein (g/100g) 2.0 
Total Carbohydrate (g/100g) 2.5 
Total Sugars (lactose) (g/100g) 2.5 
Total Fat (Milkfat) (g/100g) 41.5 
Saturated fat (g/100g) 28.9 
Sodium (mg/100g) 25 
Typical Microbiological Analysis 
Aerobic Plate Count (cfu/ml) < 10,000 
Inhibitory Substances (IU/ml) <0.003 
Coliforms (cfu/ml) <10 
Quality Assurance 
Strict quality control procedures are enforced during 
production.  The manufacturing environment is 
subject to strict monitoring. 
During storage and shipment, precautions are taken 
to ensure that the product quality is maintained. 
Compliance 
 Complies with Food Standards Australia New 
Zealand (FSANZ) and Animal Products (Dairy) 
Regulation 2005. 
Suggested Labelling 
Allergens: Contains Milk and Dairy products 
Country regulations for product labelling vary. Fonterra 
advises customers that they need to check local 
regulations to determine the correct labelling of this 
ingredient 
 
 
Typical Amino Acid Profile 
Whey Protein Isolate 895 
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The typical value is an average of representative 
samples taken from across the manufacturing season.  
 
Amino acid   
Essential amino acids                      Typical Amount 
                                                  per 100gm of Protein 
Isoleucine 6.3 g 
Leucine 14.3 g 
Lysine 11.2 g 
Methionine 2.4 g 
Phenylalanine 3.8 g 
Threonine 5.3 g 
Tryptophan 2.4 g 
Valine 5.6 g 
Non-Essential amino acids 
Histidine (Essential for Infants) 2.0 g 
Alanine 5.7 g 
Arginine 3.0 g 
Aspartic acid 12.5 g 
Cysteine/cystine 4.0 g 
Glutamic acid 17.6 g 
Glycine 1.8 g 
Proline 4.5 g 
Serine 4.5 g 
Tyrosine 4.2 g 
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Appendix C   Statistics 
 
Principle Components Analysis (PCA) 
Principle components analysis was carried out using Minitab software (version 16) (1).  The PCA 
generates linear combinations of the original data that was entered into the system. A set of 
principle component (PC) values is calculated for each variable, indicating how far the variable is 
from the calculated axis.  The axis is the linear combination that describes the variation across all of 
the variable responses and has a calculated Eigenvalue corresponding to the amount of variation 
explained by that axis; the higher the Eigenvalue the higher the percentage of variation explained by 
that axis (1). 
For the experiments in this thesis, the peak areas of the eleven monitored compounds were entered 
for each individual sample. The principle components were calculated using a correlation matrix in 
which all the variables (peak area) had been standardised. The peak areas were standardised 
because each compound has a different response factor, compounds with a very large or very small 
response factor can skew the data. The standardisation is also appropriate because it is the relative 
amounts of compounds present rather than the absolute quantities in each sample. The linear 
combinations (principle components) explain the given amount of variance within the data set (1). 
The PCA score plots represent each sample along with similarities and dissimilarities between them. 
The x and y axis of the PCA score plot represent the first two principle components calculated to 
explain the variation within the samples (1). A loading plot can be used in combination with the 
score plot to identify which variables are associated with which samples. 
Samples that are similar to each other with respect to the variables represented using the principle 
components (peak area of the monitored compounds) will be clustered close together while samples 
with a lesser degree of similarity will be further apart. The percentage of variance explained by each 
principle component as plotted on the PCA score plot give an indication of the degree of similarity 
between samples: a large PC value would indicate that the first principle component explains a large 
percentage of variation and therefore samples spread along this axis exhibit large differences; 
however, a small PC value indicates only a small percentage of variation is explained and therefore 
samples spread along the axis exhibit only small differences (1).  
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Analysis of Variance (ANOVA) 
An ANOVA using Minitab software (version 16) was employed in the study/thesis (1). This analysis 
was used to investigate the relationship between changes in responses (eleven monitored 
compounds) and changes in sample treatments (pH, time, temperature, matrix structure). The 
calculation investigates whether the means of the groups are, statistically, the same or different (1).  
The null hypothesis is that the means of the groups are statistically the same. The alpha value (α) is 
the level of confidence you have in correctly rejecting the null hypothesis when it is true. The p-value 
relates to the chances of saying that there is a significant relationship when in fact there is none, i.e. 
a p-value of 0.05 means that 95 times out of 100 we will correctly assume that there is an effect, but 
5 times out of 100 we will say there is an effect when there isn’t one.  
To test for significance a p value of <0.05 was used; any variation with a p value less than 0.05 was 
regarded as indicating a reliably significant difference in the results. This equates to a 95% 
confidence interval, indicating that there is 95% confidence in the means being different.  Along with 
calculating the p value an F value was also calculated, the F value is the ratio of the explained (can be 
attributed to the experimental factors) and unexplained (attributed to error) variances in the 
experiment. A large F value indicates that variance has been efficiently explained and when coupled 
with a small p value provides strong evidence that the results are significantly different from one 
another (1).  
Other information that can be obtained from the ANOVA includes interactions between treatments 
of data, and the main effects of the treatment for each response. Prior to the ANOVA calculations 
the normality of the data was tested. It is important that the data points are normally distributed for 
each response, in this case for each compound. For all ANOVA carried out in this study the residuals 
were checked and all showed normal distributions. The interaction plots give an insight into the 
complex relationships occurring between treatments and the main effects show the effect of a single 
factor acting alone on the samples (1).  
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Supplementary ANOVA tables 
 
Table C1 Means, ANOVA F and p values (p<0.05 = significant reliable difference) for the 
differences between aqueous (Aq) and two phase (TP) matrices for the Maillard reaction.  
Compound Mean (Aq) Mean (TP) F value p value 
Furfural 2200 24000 3.23 0.09 
Acetic acid 100000 150000 200.00 0.00 
2-Acetylfuran 110000 210000 6.88 0.02 
Butyrolactone 2600 2800 22.60 0.00 
Furfuryl alcohol 98000 550000 160.00 0.00 
2(5H)-Furanone 130000 320000 20.62 0.00 
Maltol 0 60000 5.67 0.03 
2-Acetylpyrrole 36000 19000 26.63 0.00 
Hydroxymaltol 220000 220000 0.00 0.97 
HMF 4900 9000 8.89 0.01 
DHHF 94000 90000 0.07 0.79 
 
Table C2 Means, ANOVA F and p values (p<0.05 = significant reliable difference) for the 
Maillard reaction showing the significance of differences between AMF and canola oil.  
Compound Mean (AMF) Mean (Canola) F value p value 
Furfural 29000 50000 294.22 0.00 
Acetic acid 200000 200000 0.02 0.90 
2-Acetylfuran 460000 460000 0.00 0.98 
Butyrolactone 11000 13000 8.30 0.02 
Furfuryl alcohol 67000 110000 119.19 0.00 
2(5H)-Furanone 520000 590000 1.63 0.23 
Maltol 75000 35000 2.14 0.17 
2-Acetylpyrrole 300000 220000 4.96 0.05 
Hydroxymaltol 390000 220000 12.83 0.01 
HMF 5300 7500 1.21 0.30 
DHHF 170000 120000 3.75 0.08 
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Table C3 Means, ANOVA F and p values (p<0.05 = significant reliable difference) for the 
significance of differences between aqueous (Aq) and two phase (TP) matrices for the 
Caramelisation reaction.  
Compound Mean (Aq) Mean (TP) F value p value 
Furfural 1800 3400 5.47 0.03 
Acetic acid 5400 4900 0.03 0.87 
2-Acetylfuran 1700 2200 0.89 0.36 
Butyrolactone 1200 700 6.79 0.02 
Furfuryl alcohol 1700 10000 6.82 0.02 
2(5H)-Furanone 5600 12000 21.59 0.00 
Maltol Not detected Not detected   
2-Acetylpyrrole Not detected Not detected   
Hydroxymaltol Not detected Not detected   
HMF 3600 2900 0.28 0.60 
DHHF 5900 3700 3.87 0.06 
 
 
Table C4 Means, ANOVA F and p values (p<0.05 = significant reliable difference) for the 
caramelisation reaction showing the significance of differences between AMF and canola oil.  
Compound Mean (AMF) Mean (Canola) F value p value 
Furfural 3000 6100 40.98 0.37 
Acetic acid 6900 0 0.89 0.00 
2-Acetylfuran 4100 4700 1.50 0.25 
Butyrolactone 1300 700 16.15 0.00 
Furfuryl alcohol 20000 10000 7.89 0.02 
2(5H)-Furanone 15000 7000 21.64 0.00 
Maltol Not detected  Not detected    
2-Acetylpyrrole Not detected  Not detected    
Hydroxymaltol Not detected  Not detected    
HMF 1400 700 1.97 0.19 
DHHF 2900 2500 0.47 0.51 
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Table C5 Means, ANOVA F and p values (p<0.05 = significant reliable difference) for the effect 
of aqueous concentration on the Maillard reaction. 
Compound Mean (100% Aq) Mean (60% Aq) F value p value 
Furfural 2200 2400 0.36 0.55 
Acetic acid 110000 150000 5.22 0.03 
2-Acetylfuran 110000 190000 3.77 0.07 
Butyrolactone 2700 3400 2.05 0.16 
Furfuryl alcohol 97000 82000 3.76 0.07 
2(5H)-Furanone 130000 190000 5.33 0.03 
Maltol Not detected Not detected   
2-Acetylpyrrole 36000 59000 3.04 0.10 
Hydroxymaltol 220000 200000 0.14 0.71 
HMF 4700 4100 0.95 0.34 
DHHF 94000 140000 13.31 0.00 
 
 
Table C6 Means, ANOVA F and p values (p<0.05 = significant reliable difference) for the effect 
of aqueous concentration on the caramelisation reaction.  
Compound Mean (100% Aq) Mean (60% Aq) F value p value 
Furfural 1800 2000 0.26 0.62 
Acetic acid 5400 4900 0.07 0.80 
2-Acetylfuran 1700 700 6.11 0.02 
Butyrolactone 1200 1600 6.31 0.02 
Furfuryl alcohol 17000 16000 0.00 0.96 
2(5H)-Furanone 5600 5800 0.03 0.86 
Maltol Not detected Not detected   
2-Acetylpyrrole Not detected Not detected   
Hydroxymaltol Not detected Not detected   
HMF 3600 1700 2.31 0.15 
DHHF 5900 4900 0.74 0.40 
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Table C7 Means, ANOVA F and p values (p<0.05 = significant reliable difference) for the 
difference between o/w emulsion and two phase Maillard reaction.  
Compound Mean (o/w) Mean (TP) F value p value 
Furfural 40000 35000 0.63 0.47 
Acetic acid 420000 520000 12.18 0.02 
2-Acetylfuran 280000 710000 2.80 0.00 
Butyrolactone 13000 15000 4.30 0.11 
Furfuryl alcohol 1300000 1000000 2.41 0.20 
2(5H)-Furanone 170000 290000 3058.45 0.00 
Maltol 1300000 3000000 75.36 0.00 
2-Acetylpyrrole 110000 490000 174.81 0.00 
Hydroxymaltol 310000 710000 144.20 0.00 
HMF 11000 18000 23.70 0.01 
DHHF 140000 290000 69.59 0.00 
 
 
Table C8  Means, ANOVA F and p values (p<0.05 = significant reliable difference) for 
differences between different droplet sizes in o/w emulsions for the Maillard reaction. 
 Means   
Compound A* B* C* D* F value p value 
Furfural 40000 40000 40000 40000 0.01 0.99 
Acetic acid 420000 850000 720000 860000 4.81 0.02 
2-Acetylfuran 280000 87000 720000 19000 3.17 0.06 
Butyrolactone 13000 19000 18000 19000 1.20 0.35 
Furfuryl alcohol 1300000 140000 1400000 1400000 0.04 0.99 
2(5H)-Furanone 170000 390000 370000 390000 3.24 0.060 
Maltol 1300000 2500000 2500000 2500000 16.25 0.000 
2-Acetylpyrrole 110000 310000 320000 330000 17.82 0.000 
Hydroxymaltol 310000 650000 650000 680000 7.39 0.01 
HMF 11000 10000 10000 16000 6.87 0.00 
DHHF 140000 280000 270000 280000 35.78 0.00 
*A = homogeniser; B = 20,000 ultraturrax; C = 13500 ultraturrax; D = 8500 ultraturrax. 
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Table C9 Means, ANOVA F and p values (p<0.05 = significant reliable difference) for the 
difference between o/w emulsion and two phase caramelisation reaction. 
Compound Mean (o/w) Mean (TP) F value p value 
Furfural 23000 17000 10.78 0.08 
Acetic acid 36000 83000 152.33 0.01 
2-Acetylfuran 8800 5400 61.71 0.02 
Butyrolactone 4700 6400 7.57 0.12 
Furfuryl alcohol 150000 90000 472.00 0.00 
2(5H)-Furanone 60000 73000 2.05 0.89 
Maltol Not detected Not detected   
2-Acetylpyrrole Not detected Not detected   
Hydroxymaltol Not detected Not detected   
HMF 1800 2100 3.99 0.18 
DHHF 15000 7700 122.30 0.01 
 
 
 
Table C10  Means, ANOVA F and p values (p<0.05 = significant reliable difference) for 
differences between different droplet sizes in o/w emulsions for the caramelisation reaction. 
 Means    
Compound A* B* C* D* F value p value 
Furfural 23000 31000 28000 27000 4.66 0.09 
Acetic acid 36000 53000 46000 3900 77.00 0.00 
2-Acetylfuran 8800 8600 7500 7400 0.94 0.50 
Butyrolactone 4800 8400 7400 7100 23.02 0.01 
Furfuryl alcohol 150000 250000 210000 200000 45.53 0.00 
2(5H)-Furanone 61000 64000 78000 5900 1.36 0.37 
Maltol Not detected Not detected Not detected Not detected   
2-Acetylpyrrole Not detected Not detected Not detected Not detected   
Hydroxymaltol Not detected Not detected Not detected Not detected   
HMF 1800 3100 2400 2200 3.73 0.12 
DHHF 15000 13000 12000 8300 6.98 0.05 
A = homogeniser; B = 20,000 ultraturrax; C = 13500 ultraturrax; D = 8500 ultraturrax. 
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Table C11 Means, ANOVA F and p values (p<0.05 = significant reliable difference) for the 
difference between o/w and w/o emulsion structures for the Maillard reaction.  
Compound Mean (o/w) Mean (w/o) F value p value 
Furfural 40000 70000 611.02 0.00 
Acetic acid 270000 96000 10.04 0.01 
2-Acetylfuran 280000 890000 42.19 0.00 
Butyrolactone 11000 17000 32.82 0.00 
Furfuryl alcohol 110000 1000000 6.15 0.04 
2(5H)-Furanone 370000 870000 2.80 0.13 
Maltol 440000 960000 2.58 0.15 
2-Acetylpyrrole 170000 440000 8.32 0.02 
Hydroxymaltol 160000 390000 1.93 0.20 
HMF 47000 160000 1.31 0.29 
DHHF 120000 230000 181.45 0.00 
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